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Abstract
1. Color variation is one of the most obvious examples of variation in nature, but 

biologically meaningful quantification and interpretation of variation in color and 
complex patterns are challenging. Many current methods for assessing variation in 
color patterns classify color patterns using categorical measures and provide ag-
gregate measures that ignore spatial pattern, or both, losing potentially important 
aspects of color pattern.

2. Here, we present Colormesh, a novel method for analyzing complex color pat-
terns that offers unique capabilities. Our approach is based on unsupervised color 
quantification combined with geometric morphometrics to identify regions of pu-
tative spatial homology across samples, from histology sections to whole organ-
isms. Colormesh quantifies color at individual sampling points across the whole 
sample.

3. We demonstrate the utility of Colormesh using digital images of Trinidadian guppies 
(Poecilia reticulata), for which the evolution of color has been frequently studied. 
Guppies have repeatedly evolved in response to ecological differences between 
up-  and downstream locations in Trinidadian rivers, resulting in extensive parallel 
evolution of many phenotypes. Previous studies have, for example, compared the 
area and quantity of discrete color (e.g., area of orange, number of black spots) be-
tween these up-  and downstream locations neglecting spatial placement of these 
areas. Using the Colormesh pipeline, we show that patterns of whole- animal color 
variation do not match expectations suggested by previous work.

4. Colormesh can be deployed to address a much wider range of questions about 
color pattern variation than previous approaches. Colormesh is thus especially 
suited for analyses that seek to identify the biologically important aspects of color 
pattern when there are multiple competing hypotheses or even no a priori hy-
potheses at all.
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1  | INTRODUC TION

Measurement of color is used in many fields of study including, for 
example, astronomy (Bessell, 2005; Robinson et al., 2010), medicine 
(Bhargava & Madabhushi, 2016; Limkin et al., 2017), and agriculture 
and food science (Dell'Aquila, 2009; Pathare et al., 2013). In biology, 
ecological, evolutionary, and mechanistic investigations of organis-
mal color have been prominent in the scientific literature since the 
19th century and have provided key insights into many aspects of 
organismal function and evolution, such as the role of coloration 
in thermoregulation, crypsis, aposematism, mimicry, mate choice, 
and speciation (Cott, 1940; Cuthill, 2019; Darwin, 1859; Jennions & 
Petrie, 1997; Mallet & Joron, 1999; Map pes et al., 2005; Mclean & 
Stuart- Fox, 2014). In recent years, color analyses have expanded to 
include more intricate investigations of how both color and patterning 
are produced (e.g., Manukyan et al., 2017; Shawkey & D'Alba, 2017) 
and perceived (e.g., Kelber, 2016; Stoddard et al., 2014), allowing for 
novel questions to be asked about the role of organismal coloration.

Despite the importance of coloration, its complexity and pat-
terning can pose serious challenges to measurement and inter-
pretation. Many different approaches that often rely on human 
perception of color have been used to quantify color patterns and 
how they vary among organisms, populations, and species. Early 
methods of assessing color in biology relied on categorical schemes, 
such as assigning patterns to discrete morphs (Brown & Clegg, 1984; 
Semler, 1971; Tan & Li, 1934). Using photographs, later studies quan-
tified color with measures of total area or percent coverage of dis-
crete categories of color (e.g., “orange,” “blue”), as well as the number 
of particular color pattern elements (e.g., numbers of “spots” of par-
ticular colors) (Houde, 1987; Olsson, 1994; Petrie & Halliday, 1994). 
Although subjective, these relatively low- dimensional measures 
are useful in addressing biological questions such as: Is there co-
variation between female preference and ornamental traits (Ellers 
& Boggs, 2003; Endler & Houde, 1995)? Are some color morphs 
more successful at attracting mates or surviving (Borer et al., 2010; 
Petrie, 1992; Sinervo & Lively, 1996)? Do morphs differ in life- history 
traits (Emaresi et al., 2014; Svensson et al., 2001)? Does morph fre-
quency vary with habitat type (Ahnesjö & Forsman, 2006; Power 
et al., 2005)?

In many studies, human perception was used to determine color 
categories and the boundaries of color pattern elements in order to 
quantify color patterns. Recent technological advancements in dig-
ital imaging and computation have enabled more objective charac-
terization of color. For example, individual pixels in digital images can 
be assigned values in a color space (e.g., red, green, and blue color 
channels in RGB color space), and spectrophotometry can capture 
the entire reflectance spectra of specific locations on an organism. 
In digital image analysis, every pixel can be described by a quanti-
tative value for each color channel. Pixels can then be grouped into 
discrete color categories using clustering or thresholding to per-
form image segmentation. Applications such as ImageJ (Schneider 
et al., 2012), patternize (Van Belleghem et al., 2018), and colordistance 
(Weller & Westneat, 2019) offer different methods for grouping 

pixels of similar color to assess overall patterns (i.e., perform image 
segmentation). These methods allow the user to set range limits 
for RGB values, which then enables automatic color segmentation. 
Alternatively, a user can define the number of color categories in 
which to bin pixels and then use k- means clustering to identify pixel 
groups. The patternize package provides an additional segmentation 
option known as watershed transformation. In watershedding, the 
image is treated like a topographic map where a pixel within a user- 
defined region is selected and surrounding pixels are binned with the 
focal pixel if RGB values fall within a specified threshold; when pixels 
fall outside of the threshold, this becomes a border to that color pat-
tern element and a new element is initiated; this process continues 
until the image is entirely segmented.

Image segmentation approaches have been useful in addressing 
many questions. For example, ImageJ has been used for counting 
pixels within a specified color range to identify diseased tissue (Hadi 
et al., 2011; Papadopulos et al., 2007; Schindelin et al., 2015), pat-
ternize was used to compare the similarity of distributions of three 
discrete color categories among species of reef fish (Hemingson 
et al., 2019), and colordistance was used to visualize badge color 
differences between two lizard populations (Orton et al., 2019). 
In certain applications, the use of digital photography, along with 
computer software to group pixels into categories of color, has de-
creased subjectivity of color classification and increased the accu-
racy and reproducibility of color data collection (e.g., Laurinaviciene 
et al., 2011; Rizzardi et al., 2016). However, because consumer cam-
eras are designed to capture color in a manner that mimics human 
perception, it is important to understand the limitation imposed by 
the human perception of color (Troscianko & Stevens, 2015).

Methods other than segmentation of digital images are neces-
sary if information on whole color pattern variation (simultaneous 
evaluation of chromatic and spatial variation) is required. The pat-
ternize package uses presence or absence of a color at a location to 
assess spatial variation of color categories that are defined in the 
segmentation process. This limits the use of patternize to assessment 
of variation in the spatial distribution of one category of color at a 
time. Therefore, patternize works well for assessing pattern elements 
having clear boundaries and when spatial patterns of discrete colors 
vary, but the color itself does not change. Following color segmenta-
tion, colordistance calculates the distance between the color distri-
butions of two images within a color space (either RGB or CIELAB). 
While colordistance accounts for how much of each color is present 
in an image and how close those colors are in color space, the loca-
tion of these colors within the pattern is lost. In order to evaluate 
whole color pattern variation, measurement of spatially explicit vari-
ation in color is needed, and tools to evaluate color patterns in this 
manner have been lacking.

Although clustering of pixels can be automated, pixel values used 
to determine boundaries between color categories are typically set 
by the user, which introduces a potentially problematic level of human 
subjectivity (Davidoff & Fagot, 2010; Siuda- Krzywicka et al., 2019; 
but see Bergeron & Fuller, 2018), as well as information loss due to 
discretizing continuous color variation. Reflectance spectrometry is 
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an objective measure of color that quantifies the wavelengths and 
intensities of light reflected from a small point sample over a con-
tinuous range of wavelengths (Andersson et al., 1998; Endler, 1990; 
Gomez & Théry, 2007; Zuk & Decruyenaere, 1994). Heterogeneous 
patterns can be sampled by collecting data from multiple sampling 
points in a standardized manner (Cuthill et al., 1999; Endler, 2012; 
Endler & Mielke, 2005). This technique has been used to acquire 
objective color data in many ecological and evolutionary studies, 
often in combination with models of the visual sensitivity of receiv-
ers of the color information, for example, potential predators, mates, 
or pollinators (Cortesi & Cheney, 2010; Dyer et al., 2012; Isaac & 
Gregory, 2013; Stoddard & Stevens, 2011). Understanding how a re-
ceiver perceives a visual signal is clearly important for studies of be-
havioral and ecological interactions based on color. The R package, 
pavo2, provides a framework for processing and combing spectral 
and spatial data with visual models (Maia et al., 2019). Because this 
package incorporates analyses such as between- pattern contrasts 
(Endler & Mielke, 2005), adjacency analysis (Endler, 2012), and 
boundary strength analysis (Endler et al., 2018) to model percep-
tion of color patterns, a large number of spectrophotometric sample 
points are required when color patterns are complex. However, for 
organisms with complex color patterns, the level of sampling re-
quired to compare color patterns among a large number of individu-
als is not currently feasible using reflectance spectrometry.

Here, we present a new approach for sampling color patterns 
from digital images using Colormesh, a package within the R statis-
tical computing environment (R Core Team, 2019), that is spatially 
explicit, high dimensional, high throughput, and does not rely on 
subjective determination of the number or type of color categories. 
Colormesh is an unsupervised approach that measures multidimen-
sional color data by dense sampling of quantitative color values 
across the entire sample area and therefore does not require clearly 
defined color pattern elements. To accomplish this, our method uses 
Delaunay triangulation to identify homologous sampling points on 
images that were standardized to a consensus shape with geometric 
morphometrics software. With Colormesh, we (a) enable analysis of 
color patterns that are highly variable, spatially complex, and/or lack 
well- organized color pattern elements (e.g., spots or stripes), (b) cap-
ture the continuous, high- dimensional nature of color variation, (c) 
use an unsupervised method to determine points on standard digital 
images from which to sample color values, and (d) allow for flexibility 
in color sampling density and the size of the area sampled.

We demonstrate the utility of Colormesh using digital images 
of Trinidadian guppies (Poecilia reticulata), in which the evolution 
of color is a topic of active study. We photographed male guppies 
from eight natural and three experimental populations (described 
below). Complex color patterns in this species are male limited, 
highly heritable, and highly variable both within and between pop-
ulations (Brooks & Endler, 2001b; Endler, 1995; Gordon et al., 2015; 
Houde, 1997; Hughes et al., 2005; Kemp et al., 2008; Magurran, 2005; 
Winge, 1927). Male guppy coloration has become a model system 
for studies of local adaptation (Gordon et al., 2015; Houde, 1997; 
Millar et al., 2006) and for the maintenance of ecologically 

important variation (Brooks & Endler, 2001a; Evans et al., 2008; 
Hughes et al., 1999, 2013; Olendorf et al., 2006; Valvo et al., 2019). 
Guppies have repeatedly evolved in response to different ecological 
conditions above (upstream) and below (downstream) barrier water-
falls in Trinidadian rivers and streams (Endler, 1978; Magurran, 2005), 
and upstream populations are known to be descendants of down-
stream populations within rivers (Alexander et al., 2006; Becher & 
Magurran, 2000; Crispo et al., 2006; Magurran et al., 1992; Shaw 
et al., 1992; Suk & Neff, 2009; Willing et al., 2010). Downstream hab-
itats are often referred to as high predation due to the presence of 
one or more species of large piscivorous fish (Endler, 1980; Reznick 
et al., 1996). In addition, many downstream sites have relatively open 
forest canopy and high primary productivity (Grether et al., 2001). In 
contrast, upstream habitats, typically referred to as low predation, 
generally contain one main, smaller guppy predator, Anablepsoides 
hartii (formerly, Rivulus hartii), that preys on juveniles and small 
adult guppies (Gilliam et al., 1993; Reznick et al., 1996); these low- 
predation habitats typically have a relatively closed canopy and low 
primary productivity (Grether et al., 2001; Reznick et al., 2001). This 
repeated ecological transition has led to extensive parallel evolution 
of many phenotypes (Reznick & Endler, 1982; Reznick & Bryga, 1987, 
1996; Reznick, 1989; Reznick, Rodd, et al., 1996; Torres Dowdall 
et al., 2012; reviewed in Houde, 1997; Magurran, 2005), including 
male color (Endler, 1978, 1983, 1991).

It has been proposed that these ecological differences between 
down-  and upstream sites, including predation intensity, also select 
for differing levels of color polymorphism between populations, 
through processes that generate negative frequency- dependent 
selection (NFDS) (Endler, 1980; Fraser et al., 2013; Olendorf 
et al., 2006). In natural populations, males bearing rare color pat-
terns have higher survival than males bearing common patterns, and 
this effect is stronger in low- predation sites than in high- predation 
ones (Olendorf et al., 2006). Anablepsoides hartii, which impose a 
greater predation risk in upstream sites, learn to be a more effec-
tive guppy predator the more it is exposed to a particular male color 
pattern (Fraser et al., 2013). Female guppies also prefer males bear-
ing rare or unfamiliar color patterns (Eakley & Houde, 2004; Graber 
et al., 2015; Hampton et al., 2009; Hughes et al., 2013; Mariette 
et al., 2010; Zajitschek & Brooks, 2008; Zajitschek et al., 2006), 
and this preference has been documented in both high-  and low- 
predation sites (Valvo et al., 2019). Taken together, these results 
suggest that low- predation sites should exhibit more variation in 
male color patterns, since NFDS by A. hartii should be stronger, and 
sexual selection by female preference is equally strong in the low-  
and high- predation sites. To test this prediction, whole color pat-
tern must be quantified, which to our knowledge has not previously 
been attempted.

Here we use Colormesh to address three questions about color 
variation and evolution in Trinidadian guppies. We first asked if our 
method could successfully classify individual fish by their popula-
tion of origin. We then asked if the direction of color evolution be-
tween up-  and downstream populations was consistent across river 
drainages. Finally, we asked if the within- population variance in color 
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differed consistently between up-  and downstream populations and 
evaluated the contribution of color at different locations on the fish 
to within- population variation in color.

2  | METHODS

2.1 | Overview

Each section below provides instructions for the preparation, and 
sampling of 2D digital images with the Colormesh package. To sam-
ple color from homologous locations among images, subjects must 
first be processed to a standardized size and shape. Image process-
ing (landmark placement and image transformation to a consensus 
shape) within the Colormesh package is described in brief below. 
Alternatively, image processing may be completed externally using 
other geometric morphometric software (e.g., the R package, 
Morpho (Schlager, 2017), the TPS series software (Rohlf, 2015)) and 
then imported and sampled using the Colormesh sampling pipeline. 
Following image processing, we then describe the Colormesh sam-
pling pipeline that uses Delaunay triangulation as an unsupervised 
method to determine points from which to sample color. Finally, we 
present how we used Colormesh to address evolutionary questions 
relevant to the guppy study system using data extracted with the 
Colormesh package.

Colormesh can be downloaded for free at https://github.com/
J0vid/ Color mesh. The GitHub site provides instructions for down-
load and a forum for posting questions or issues. Explanatory details 
and example code for using Colormesh to process images (or import 
data obtained through external processing) and color sampling are 
provided on the Readme page of the GitHub site, as well as in a tuto-
rial provided in the Appendix S1.

2.2 | Required input for color sampling

Colormesh requires two CSV files to provide information during 
processing: one having the unique specimen image names and as-
sociated identification information and the other to provide the 
known RGB values of the colors on the standard for the calibra-
tion process. To sample RGB color values from pixels, Colormesh re-
quires two sets of images as input: one set of images that have been 
processed using landmark- based geometric morphometric meth-
ods (either within the Colormesh package or externally) for color 
sampling and the original set of images containing a color standard 
for the image- specific color calibration. Lastly, two arrays contain-
ing landmark coordinate data are required: one of the consensus 
shape and another having the locations to sample the color stand-
ard. Landmark placement and generation of consensus shape im-
ages within Colormesh (described below) will produce the required 
coordinate data arrays; externally generated landmark coordinate 
data are easily imported (examples available in the Appendix S1 and 
on the Github site).

2.2.1 | Image processing (landmarking and image 
transformation)

To generate the required image inputs, digital photography is used 
to capture 2D images of specimens that also include a size scale 
and color standard. Several common image formats (e.g., JPEG, 
PNG, BMP, and TIF), as well as the raw image formats unique to 
Canon, Nikon, and Olympus brand cameras (CR2, NEF, and ORF, 
respectively) are compatible with Colormesh; the magick package 
(Ooms, 2021) is used to read images because of its support for a 
large variety of image formats. Digital images that are to be com-
pared must all have the same pixel dimensions (length × width), and 
image names must be unique and match the image names in the CSV 
file containing the image information. All digital image files must be 
saved in the same folder.

The first step in transforming specimen images to a consensus 
shape is the placement of landmarks on each specimen. To identify 
the scale, location of the color standard, and place landmarks, the 
user invokes the landmark.images function within Colormesh. This 
presents each image to the user and utilizes the user- friendly dig-
itization capabilities provided by the R package geomorph (Adams 
et al., 2020) to generate the array containing the landmark coordi-
nates associated with each specimen image. Following scale setting, 
traditional landmarks are first placed at several specific locations 
on the specimen that can be consistently identified across samples 
(e.g., fin attachment sites in our guppy case study). Semilandmarks 
can also be placed to represent a curve or surface on the speci-
men where locations that are biologically homologous are not eas-
ily identifiable (Bookstein, 1997). The quantity and placement of 
semilandmarks are up to the user and should be varied depending 
on the complexity and level of variation of the specimen's shape 
(Gunz & Mitteroecker, 2013; Watanabe, 2018). To infer a smooth 
curve between traditional landmarks when generating the consen-
sus shape, semilandmarks are slid into place before analysis (Gunz & 
Mitteroecker, 2013).

For the color calibration process, the landmark.images function is 
invoked a second time. This array is generated to provide landmark 
coordinates identifying where each image is to be sampled for cali-
bration (described below); for this array, a scale is not defined since 
color calibration does not use shape analysis.

The last step of image processing is the generation of consensus 
shape images using landmark- based image transformation. The user 
invokes the tps.unwarp function which employs the utilities of two 
R packages: geomorph (Adams & Otárola- Castillo, 2013) and imager 
(Barthelme, 2020) to calculate the consensus specimen shape and 
produce the transformed images, respectively. First, a Generalized 
Procrustes Analysis (GPA) is performed using the landmark coor-
dinate data from each specimen image to compute the consensus 
specimen shape. If semilandmarks are defined, by default they slide 
to minimize bending energy between individuals specimens and the 
consensus shape (Gunz & Mitteroecker, 2013); otherwise, all land-
mark coordinates are treated equally in the GPA that estimates the 
consensus shape. The function generates an array that contains the 

https://github.com/J0vid/Colormesh
https://github.com/J0vid/Colormesh
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landmark coordinates of the computed consensus shape. This con-
sensus shape is then used as the target for transforming each spec-
imen image to the consensus shape using a thin plate spline (TPS) 
image transformation. The resulting transformed images are then 
written to a directory, specified by the user, as lossless, compressed, 
PNG format images.

2.2.2 | Color sampling pipeline

The Colormesh sampling pipeline is based on unsupervised color 
quantification at individual sampling points across the transformed 
photograph of the specimen. Novel to Colormesh is the use of 
Delaunay triangulation, which generates a surface of triangles from 
a finite set of points using three nearest points whose circumcir-
cles do not contain any other points in the set. In computer graph-
ics, Delaunay triangulation is used to represent a large number of 
points within a boundary surface (i.e., a finite set of points) with a 
reduced number of points that function as a concise representa-
tion of the shape (De Berg et al., 2008; Bala & Sekhon, 2011, see 
Aurenhammer, 1991 for use of Delaunay triangulation in geometric 
data structure); Delaunay triangulation has previously been used to 
identify nonlandmarked points used for shape analysis (Márquez 
et al., 2012). With Colormesh, the centroids of the triangles serve as 
the sampling template in that their coordinates identify comparable 
pixels on each transformed specimen image that will be sampled for 
RGB values.

The first step in the color sampling pipeline is the generation of 
the sampling template. The user invokes the tri.surf function within 
Colormesh, which uses two auxiliary R packages (sp (Pebesma & 
Bivand, 2005) and tripack (Renka et al., 2016)) to calculate the sur-
face of sampling points from the landmark coordinate data of the 
consensus shape array. The granularity, or density, of sampling is 
user- controlled by the number of rounds of triangulation that is de-
fined in the function; additional rounds of triangulation beyond the 
first use the centroid coordinates from the previous round of trian-
gulation as the vertices for the subsequent round. Therefore, each 
additional round of triangulation increases the density of sampling 
points (e.g., Figure 2a) and also increases downstream processing 
times. The output of the tri.surf function is the sampling template 
containing the coordinates of the pixel located at the centroid of 
each triangle.

The next step in the color sampling pipeline is sampling RGB val-
ues from a sampling circle that is centered on each pixel identified 
in the sampling template. To sample RGB color values, the user in-
vokes the rgb.measure function. The size of the sampling circle (e.g., 
Figure 2b) is defined in this function allowing the user to control the 
level of pixel averaging for color sampled at a location; in contrast to 
the density of sampling points, the sampling circle size does not in-
fluence downstream processing time. This function uses the imager 
package (Barthelme, 2020) to extract R, G, and B values from pix-
els included in the sampling circle and calculates the mean for each 
color channel. The final output of this function generates a list of 

extracted values for each color channel for each image and provides 
the sampling template coordinates. For visualization, Colormesh pro-
vides several options for plotting the color values extracted from the 
consensus shape images (e.g., Figure 2c, d).

The Colormesh approach is flexible in that it allows user- 
controlled sampling density and circle sizes. However, to reduce 
the level of subjectivity, the extracted data may be used to inform 
these decisions. We demonstrate a method using our sample data to 
determine which sampling scheme (sampling density and circle size) 
best differentiates among specimens in the Multivariate classification 
and differentiation among populations section below.

2.2.3 | Color calibration

Providing the known RGB values of the color standard enables 
Colormesh to correct the sampled color values. Calibration is per-
formed by the rgb.calibrate function which calculates an image- 
specific color channel correction vector. First, Colormesh reads in 
the array of coordinate data from landmarks placed on the color 
standard in the images. The RGB values are then sampled from the 
pixels contained within a sampling circle centered on the coordinates 
provided by the array. The mean deviation from the known color 
channel values of the standard included in each image is calculated 
and the channel- specific correction is applied to the measured val-
ues for that image.

2.3 | Colormesh applied to the Trinidadian 
guppy system

2.3.1 | Populations sampled

To compare color patterns in a diverse set of populations, we pho-
tographed wild male guppies captured during the dry season in 
May of 2016 and 2017. These fish were collected from six rivers 
belonging to three major drainage systems in the Northern Range 
in Trinidad (see Table S1 for GPS locations): the Caroni drainage 
(Aripo, El Cedro, and Guanapo Rivers), Northern drainage (Marianne 
and Paria Rivers), and the Oropuche drainage (Turure River). In the 
Aripo, El Cedro, Guanapo, Marianne, and Turure Rivers, we sampled 
males from up-  and downstream habitats that are characterized 
by important ecological differences (Endler, 1995; Houde, 1997; 
Magurran, 2005). We also sampled one additional population, the 
Houde Tributary of the Paria River, which is a low- predation site 
and does not have an associated high- predation site (Houde, 1997; 
Magurran, 2005). Of the 11 populations sampled, eight were 
naturally occurring populations and three were experimental 
populations. The experimental populations were the high-  and low- 
predation populations sampled from the Turure river, where gup-
pies were introduced in 1957 (Becher & Magurran, 2000) and the 
low- predation El Cedro population where guppies were introduced 
in 1987 (Reznick & Bryga, 1987).
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For logistical reasons, males from the Aripo, El Cedro, and Paria 
Rivers, and the low- predation population of the Marianne River 
were collected and photographed in 2016. Males from the Guanapo, 
Turure, and the high- predation population of the Marianne River 
were collected and photographed in 2017. See Appendix Methods 
for details on fish collection and digital photography. We photo-
graphed a total of 485 male fish, 24– 57 per population (See Table S1 
for sample sizes).

2.3.2 | Image processing and color sampling

Image processing was performed externally using the TPS Series 
morphometrics software (Rohlf, 2015); details of image processing 
specific to the TPS series software are included in the Appendix: 
Methods. In brief, digital images used in the guppy example analyses 

were taken in the camera's raw image format (.cr2) and converted to 
the .TIF format with an output color space of sRGB in Photoshop CC 
2018. Each digital photograph of a male guppy included a size and 
color standard. After setting the image scale (pixels/cm), a total of 
62 landmarks were placed around the perimeter of each fish. Seven 
traditional landmarks were first placed at the following locations: 
the tip of the snout, anterior and posterior connection points of the 
dorsal fin to the body, dorsal and ventral connection points of the 
caudal fin to the caudal peduncle, posterior and anterior connection 
points of the gonopodium to the body (Figure 1). Fifty- five semilan-
dmarks were placed along the edge of the fish, among the traditional 
landmarks, in a counterclockwise direction (Figure 1). For the color 
calibration process, a landmark was placed on each of the five colors 
in the color standard included in each photograph. Landmark place-
ment on all photographs was performed by K.D.

Populations were initially processed separately to generate 
population- specific consensus shapes. To avoid biasing fish shape 
toward a particular population since the numbers of fish sampled 
for populations varied, an overall- consensus shape was then gener-
ated using the 11 population- specific consensus shapes as inputs. 
Individual images were then transformed to the overall- consensus 
shape and saved as TIF image files, thus providing the consensus- 
shaped image set required for the Colormesh sampling pipeline. 
Following external image processing, all required files were read into 
Colormesh and we proceeded with the color sampling pipeline.

Color data were then collected from the processed images using 
12 different sampling schemes (sampling densities of two, three, and 
four Delaunay triangulations, each with sampling circle diameters 
of one, three, five, and nine pixels). Color data were extracted from 
guppy images using the auxiliary package EBImage (Pau et al., 2010), 

F I G U R E  1   An example of an image opened within the tpsDig2 
software that was used to place landmarks on an image. A total of 
62 landmarks are placed in the same order on every image. Seven 
traditional landmarks (white circles) are placed first in locations that 
can be consistently identified on each fish. Between the traditional 
landmarks, 55 semilandmarks (red circles) are placed; the number of 
semilandmarks between each traditional landmark was consistent 
between images and the user placed them approximately equally 
spaced apart between the two traditional landmarks

F I G U R E  2   Panel (a) shows the mesh generated from the user- defined sampling scheme of 2, 3, and 4 rounds of Delaunay triangulation 
(DT). The triangle mesh is used to determine sampling location (red dot at each triangle centroid). The triangle centroids defined by the 
previous round of triangulation were used to generate the subsequent round of triangulation. Panel (b) shows the pixels sampled depending 
on the user- defined sampling circle radius size. Shown are the sampling circles with diameter = 1, 3, 5, and 9 pixels, from left to right. Panel 
(c) shows a plot of the RGB values sampled from an unwarped image (Panel d) at different sampling densities (DTs). Here we only show 
the sampling design where the sampling circle diameter = 1 (only the triangle centroid RGB values were measured). To visualize the color 
sampled at single pixels, the sampled RGB values from each pixel are reproduced as larger circles
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but for future users, EBImage has now been replaced by the imager 
package in the current version of Colormesh. Because the known 
RGB values of the five colors included on the color standard were 
given on a scale of 0– 255, values were divided by 255 to match the 
scale of values extracted which range from 0 to 1 (Table S2).

2.3.3 | Multivariate classification and differentiation 
among populations

We used Discriminant Analysis of Principal Components (DAPC) in 
the R package, adegenet (Jombart, 2008) to determine if color pat-
tern was associated with population sampling site. DAPC can also be 
used in a cross- validation framework to determine if data can be used 
to classify observations into predefined categories. We used DAPC 
to determine which of the sampling schemes and pixel sample circle 
sizes (described above) allowed us to best discriminate among popula-
tions. Because DAPC requires the user to specify how many PCs to 
retain, we first used the xvalDapc function in the R package adegenet 
(Jombart, 2008) to assess the proportion of successful assignments 
and root mean squared error (RMSE) for a varying number of retained 
PCs. We specified that 80% of each sample be used for training and 
20% for validation. Cross- validations were performed at nine different 
retention levels of PCs in increments of 50 ranging from 50 to 450. 
We set the number of replicates to be carried out at each PC retention 
(n.rep) = 100. We compared the lowest RMSE and proportion of suc-
cessful placements for each of the 12 sampling schemes to determine 
which sampling scheme would be used for the remaining analyses.

2.3.4 | Direction of evolution within and 
between rivers

We used the guppy Colormesh data to compare the direction of evo-
lutionary divergence between populations with known ancestor- 
descendant relationships. This analysis tests the hypothesis that 
color pattern evolution has evolved convergently each time high- 
predation guppies have moved upstream to invade low- predation 
habitats. For four of the six rivers that we sampled (Aripo, El Cedro, 
Guanapo, and Turure), the paired high-  and low- predation popula-
tions were sampled in the same year. This meant the images had the 
same pixel resolution prior to the image processing described above, 
so the high-  and low- predation populations within these four riv-
ers could be compared directly. For this analysis, each fish had R, 
G, and B values measured at 2,462 positions for a color vector of 
length = 7,386 variables.

To produce an average color pattern for a given population, we 
calculated the mean value of each color channel at each sampling 
point. Thus, each population had a mean color vector consisting of 
2,462 values for each color channel. Because low- predation popu-
lations are known to be descendants of high- predation populations 
within each river, the difference between the population mean color 
vectors measures the direction of color evolution within a river. If 

color pattern evolution was similar among rivers, these difference 
vectors should be more similar than that expected by chance. We 
measured the similarity of these vectors by calculating the angle be-
tween the vectors of each pair of rivers. If colors evolved similarly 
in two river drainages, the vectors indicating direction of evolution 
will have a smaller angle between them than random vectors. The 
angle between the vectors can also be expressed as a vector correla-
tion (r), which is mathematically equivalent to Pearson's correlation 
coefficient.

In order to calculate a confidence interval for this estimate of 
the correlation in direction of color evolution between each pairing 
of the four rivers, we first bootstrapped whole- fish color patterns. 
Populations were resampled 1,000 times using the boot function in 
the R boot package (Canty & Ripley, 2019; Davison & Hinkley, 1997). 
Whole fish color patterns were bootstrapped in order to retain the 
associations of RGB values within and among the sampling points. 
For each bootstrap sample, we calculated the population mean 
color pattern as described above. This produced 1,000 bootstrap 
estimates of the population mean color pattern. To generate 1,000 
estimates of the direction of evolution within a river, we subtracted 
the mean vector of the first bootstrap sample in the high- predation 
population from the mean vector of the first bootstrap sample in 
the low- predation population; this was repeated for the remaining 
999 bootstrap samples from the high-  and low- predation popula-
tions. We then calculated the vector correlation between each of 
the 1,000 bootstrap estimates of color evolution within the rivers. 
Pairwise comparisons of four rivers generated six distributions of 
correlation coefficients.

To determine whether the correlation between pairs of rivers 
was more similar than expected by chance, we calculated a null 
expectation for the correlation between random vectors. We first 
generated vectors to simulate two rivers where the expected di-
rection of evolution within each river was random. This was done 
using the mvrnorm function in the MASS package in R (Venables & 
Ripley, 2002). We created two matrices, each with 1,000 random 
vectors of dimension = 7,386, mu = 0 (vector giving the mean of 
zero for each variable of the matrix), and Sigma defined as the iden-
tity matrix (ones on the diagonal and zeros on the off- diagonal) to 
simulate random direction of evolution estimates. Similar to our 
bootstrap samples, we then paired each vector between the two 
simulated river estimates and calculated the mean correlation be-
tween random vectors. If the estimate of the vector correlations 
for each river comparison was above or below the mean correlation 
between random vectors, we determined the correlation between 
rivers in the direction of color evolution was more correlated than 
expected by chance.

2.3.5 | Phenotypic variance in color between 
predation regimes

We compared phenotypic variation in male coloration between 
high-  and low- predation populations using the same data set from 
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the rivers included in our analysis of the direction of color evolu-
tion (Aripo, El Cedro, Guanapo, and Turure). We calculated the trace 
of the variance- covariance matrix to determine the phenotypic 
variance in color for each real population. Our test statistic was the 
trace of the high- predation population minus the trace of the low- 
predation population.

We used permutation to test if the phenotypic variation differed 
between high-  and low- predation populations within a river. We per-
muted the label of high predation or low predation for each whole- 
fish color pattern within a single river using the sample function in 
base R (V3.5.3), created 1,000 permutation samples, and calculated 
the difference between traces. The distribution of these 1,000 
measures of difference in variance was used to represent the null 
distribution.

We were also interested in characterizing the whole- specimen 
spatial pattern of within- population variance in color. To do so, 
we compared the within-  and between- population components of 
variance for each color channel at every x, y coordinate in the data 
set. We estimated variance components with restricted maximum- 
likelihood using Proc Varcomp of SAS version 9.4 (SAS Institute, Cary, 
NC), with the color value (R, G, or B) at a given x, y position as the 
dependent variable, year as a fixed effect, and population ID as a 
random effect.

3  | RESULTS

3.1 | Multivariate classification and differentiation 
among populations

We first sought to determine a combination of sampling density and 
sampling circle size that would enable us to classify the 11 guppy 
populations with the highest precision. As the number of rounds 
of Delaunay triangulations (DT) increased, the root mean squared 
error (RMSE), averaged over all sampling circle sizes, consistently 
decreased (RMSE averaged across years: 2DT = 0.18, 3DT = 0.15, 
4DT = 0.13; Table S3), and the mean successful assignment of the 
validation set increased slightly (proportion of successful assign-
ment averaged across years: 2DT = 0.87, 3DT = 0.90, 4DT = 0.91; 
Table S3). To visualize the difference in sample density, we repro-
duced an example image by plotting the sampled RGB values at each 
of the three sampling densities (Figure 2c); clearly, the increased 
sampling density improves the representation of the complex guppy 
color pattern to human perception.

To choose the sampling circle diameter for our analyses, we 
again evaluated the cross- validation results (Table S3). At the highest 
sampling density (4DT), classification success was high and nearly 
constant irrespective of sampling circle diameter (range: 0.91– 0.93). 
When images were reproduced using color sampled at the four dif-
ferent sampling circle diameters (1, 3, 5, and 9 pixels), there was 
no noticeable difference in image quality that would suggest that 
one of the four sampling circle diameter sizes would best represent 
an image (Figure S1). We therefore decided to use sampling circle 

diameter of 1 (1 pixel sampled, no pixel averaging) because it pro-
duced the lowest RMSE and highest success rate in both years, when 
years were analyzed separately (Table S3). This sampling scheme 
produced a color vector of length 7,386 (2,462 sampling points by 
three color channels).

Using this sampling scheme, DAPC analysis generated discrimi-
nant functions representing principal components that best differ-
entiated guppy populations. Figure 3 shows the positions of all fish 
in the 11 populations on the first three discriminant function axes. 
Discriminant functions one, two, and three accounted for 45.6%, 
13.6%, and 13.2% of the variation in color patterns, respectively. 
Axis one separated populations predominantly by the year in which 
they were sampled; populations collected in 2016 were clustered 
to the left and did not overlap with the samples collected in 2017. 
Images from 2017 were photographed under slightly different con-
ditions than in 2016 and were clustered to the right in the scatterplot 
(Figure 3a). In contrast, axis two consistently separated high-  and 
low- predation populations of the same river, with high- predation 
populations higher (more positive) on axis two than the correspond-
ing low- predation population (Figure 3a). Indeed, even though the 
two Marianne populations were sampled in different years and there 
were slight differences in the resolution of the images, the direction 
of separation along axis two followed this pattern. Axis three also 
consistently separated high-  and low- predation population pairs, 
with high- predation populations always placed higher (more posi-
tive) on axis three than their low- predation counterparts (Figure 3b). 
In Figure 3b, which plots axes two and three, it is evident that these 
two axes together consistently differentiate low-  and high- predation 
population pairs, with low- predation populations always below and 
to the left (more negative on both axes) of their high- predation 
counterpart.

3.2 | Comparison of direction of evolution 
within and between rivers

The natural replication of the ancestor- descendant relationship be-
tween rivers allows us to determine whether the direction of color 
pattern evolution within rivers is more similar between rivers than 
expected by chance. Figure 4 illustrates the similarity in direction 
of color evolution from the high- predation to the low- predation 
sites for each of the four rivers by showing the pairwise correlation 
between vectors that describe the average color pattern evolution 
within each river. Since we were unable to test this pattern for all four 
rivers at the same time, each pair of rivers (e.g., Aripo vs. El Cedro) 
is represented by a bootstrap distribution that shows the estimate 
of the correlation and the uncertainty in that estimate in the direc-
tion of evolution between rivers (95% Confidence Interval). Of the 
six pairwise comparisons, the El Cedro- Guanapo (observed = 0.331, 
CI = 0.150– 0.381) and the Aripo- Turure (observed = 0.376, 
CI = 0.133– 0.418) pairs were more correlated than expected by 
chance (mean correlation of random vectors = 0.002; Figure 4). The 
remaining four pairwise comparisons were not more correlated than 
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expected by chance: Aripo- El Cedro (observed = 0.105, CI = −0.102 
to 0.280), Aripo- Guanapo (observed = 0.062, CI = −0.070 to 
0.163), El Cedro- Turure (observed = −0.094, CI = −0.259 to 0.132), 
Guanapo- Turure (observed = 0.006, CI = −0.127 to 0.131).

Of the four rivers included in our analysis of direction of color 
evolution, three rivers belonged to the Caroni (Aripo, El Cedro, 
and Guanapo) and one to the Oropuche (Turure) drainage. This al-
lowed us to ask whether correlations in direction of color evolution 
between rivers belonging to different drainages were weaker than 
correlations within drainage. The cross- drainage correlations were 
somewhat more variable than the within- drainage correlations; in-
terestingly, the cross- drainage Aripo- Turure correlation is just as 
strong as the strongest within- drainage correlation (Figure 4).

3.3 | Comparison of phenotypic variance in color 
between predation regimes

We next compared the total phenotypic variation between predation re-
gimes for the four rivers for which both regimes were sampled in the same 
year, using the same data set. Figure 5 shows the results of the permutation 
tests of the difference in variance between high-  and low- predation popu-
lations within a river. In two rivers (Aripo and Turure), the low- predation 
population had significantly higher total phenotypic variance (permutation 
p- value <.001 and p = .009, respectively). In the other two rivers (El Cedro 
and Guanapo), the high- predation population had nominally higher total 
phenotypic variance, but these differences were not significant (permuta-
tion p- value = .099 and p = .113, respectively; Figure 5).

F I G U R E  3   Scatter plot from the 
discriminant analysis of principal 
components (DAPC) where population 
membership was predefined (11 
populations). Points represent the 
coordinates of individuals, and 
populations are within inertial ellipses. 
The four letters at the center of 
the inertial ellipses represent the 
population: The first two letters identify 
the river (AR = Aripo, EC = El Cedro, 
GP = Guanapo, MN = Marianne, 
PR = Paria, TU = Turure), followed by two 
letters that identify the predation regime 
(HP = high predation, LP = low predation). 
High-  and low- predation populations 
sampled within the same river are 
represented by dark and light versions of 
the same color, respectively. The barplot 
(inset) shows the proportion of variation 
explained by the discriminant analysis 
eigenvalues; dark bars correspond to the 
axes presented in the scatter plot of each 
panel section. Discriminant function axes 
one and two are plotted in panel (a), and 
axes two and three are plotted in panel 
(b). Original images (prior to unwarping) 
of individuals located at the extremes 
of each axis are shown for each panel. 
The color data used for the DAPC were 
collected from photographs unwarped to 
a consensus shape, and red, green, and 
blue (RGB) color channels were sampled 
from 2,462 pixels
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A spatially explicit analysis revealed the positions on the body 
that varied most in color within populations, relative to among- 
population variance (Figure 6). For example, a position dorsal to 
the pectoral fin (“shoulder spot”) and several positions in the pos-
terior region of the caudal peduncle were highly variable within 

populations. Conversely, in a region immediately posterior to the 
“shoulder spot,” most variation was distributed among, rather than 
within populations, as indicated by low values in the heat maps in 
Figure 6. Notably, these regions did not differ substantially in overall 
variance, suggesting that these patterns were driven by the distri-
bution of variance within and among populations, and not by differ-
ences in general variability among body regions (Figure S2).

4  | DISCUSSION

Our approach to quantifying variation in color patterns adds to 
the tools available to address questions requiring quantification of 
whole sample/organism color patterns. Our approach has four key 
advantages: it (a) allows the analysis of variation in chromatically and 
spatially complex patterns, (b) avoids loss of information by discre-
tizing color or subjective identification of color elements, (c) allows 
high- throughput analysis by using digital images of whole color pat-
terns, and (d) provides flexibility with respect to sampling density 
and area.

We used this novel method to determine if it could accurately as-
sign fish from 11 populations to the correct population and to evalu-
ate whether the direction of color pattern evolution was consistent 
in four different rivers. We also asked if total phenotypic variation 
differed consistently between up-  and downstream populations 
across drainages. Below, we discuss the performance of our ap-
proach on these tasks and compare our conclusions to those arrived 
at using different methods.

4.1 | Multivariate classification and differentiation 
among populations

The guppy example highlights the usefulness of spatially ex-
plicit sampling of whole color patterns performed by Colormesh. 
Regardless of the type of specimen, our approach enables the use 
of color data to examine the granularity of whole- pattern sampling, 
as well as identify regions within the pattern that contribute most 
to among- population differentiation and within- population vari-
ation. Colormesh allows the color of an individual to be character-
ized at different scales by using different numbers of points on the 

F I G U R E  4   Correlations between pairs of rivers comparing the 
direction of evolution in color patterns within rivers from high- 
predation sites to low- predation sites. Pairwise river comparisons 
are represented by each box and whisker where river pairs are 
identified on the x axis. Boxes indicate the interquartile range and 
whiskers show the 95% confidence interval of the estimate for 
the correlation between vectors of direction of color evolution. 
Within each boxplot, the median and mean of the distributions 
are represented by the solid line and diamond, respectively. The 
horizontal dashed line represents the mean correlation between 
random vectors. The horizontal dotted line represents the 
mean expected correlation between pairs of rivers within the 
Caroni drainage system. The four rivers included in the pairwise 
comparisons are the Aripo (AR), El Cedro (EC), Guanapo (GP), and 
Turure (TU). AR, EC, and GP belong to the Caroni drainage and TU 
to the Oropuche; within- drainage pairwise comparisons are shaded 
in light gray while between- drainage comparisons are shaded in 
dark gray

F I G U R E  5   Observed (dashed line) 
and permuted (distribution) difference in 
total phenotypic variance (trace) between 
predation regimes where high- predation 
(HP) values were subtracted from low- 
predation (LP) values within a river
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body and averaging over different numbers of pixels around each 
point. Variation in the number of semilandmarks would also influ-
ence the density of sampling points since these landmarks are used 
in the initial round of Delaunay triangulation. Therefore, an impor-
tant precursor to analysis is to investigate how varying these pa-
rameters (rounds of triangulation, sampling circle diameter, number 
of semilandmarks) affects the conclusions of any analysis. For our 
guppy samples, increasing sampling density increased our ability to 
differentiate populations, and varying the number of pixels averaged 
around each point made little difference. This is likely because male 
guppy color pattern is complex, with color changing fairly dramati-
cally at small spatial scales. Organisms with less fine- grained pat-
terns might be sufficiently sampled at coarser scales.

The discriminant analysis of principal components (DAPC) using 
our selected sampling scheme (4DT, 1 pixel diameter) separated 
populations largely by sampling year along the first discriminant 
function axis. Camera settings differed between years which likely 
accounts for the variation explained by this axis; however, since dif-
ferent populations were sampled in different years, this axis proba-
bly also captured some population differences in color. Although this 
year effect limited which downstream analyses we could perform, it 
also indicates that this method is sensitive to unsuspected sources 
of variation, which suggests that consistency in the image collection 
process is important.

DAPC also allowed us to identify axes of variation that consis-
tently separated high-  and low- predation populations. Differences 
between predation regimes have been reported in previous studies 
assessing color patterns; however, the nature of these reported dif-
ferences has varied. For example, in a study of 112 sites sampled 
from 53 streams located in Trinidad and Venezuela, Endler (1978) re-
ported that males in high- predation natural populations had smaller 
and fewer spots, and less coverage of bright (iridescent) colors. In 
contrast, Millar and Hendry (2012) reported few consistent differ-
ences between high-  and low- predation populations across five 
different river systems even though methods of color quantifica-
tion (color categorization and measures of discrete color spots as 
judged by human vision) were similar to those used by Endler (1978). 
Investigations of color evolution across a similar ecological gradient, 
but over short time scales, have also produced varying results. Using 
populations translocated from high- predation to low predation, and 
a combination of spectrometry, digital photography, and visual mod-
eling, Kemp and colleagues reported that color evolved along differ-
ent trajectories in the Aripo and El Cedro river introductions (Kemp 
et al., 2008, 2009). While there were differences in color quantifica-
tion methods in these studies and ours, strong ecological correlates 
of color divergence suggest that these differences between river 
systems are driven primarily by biology, not methodology (Kemp 
et al., 2018; Millar et al., 2006; Millar & Hendry, 2012).

F I G U R E  6   Heat maps showing the 
proportion of variation accounted for 
by differences within each of the 11 
populations in color sampled at each of 
the 2,462 sampling points. Darker colors 
indicate higher proportion of variance 
distributed within, rather than among 
populations. Panel (a) shows the mean of 
the proportion of variation given by the 
red (b), green (c), and blue (d) channels
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4.2 | Direction of color evolution

With our guppy example, we sought to test whether the repeated 
transition from high-  to low- predation pressure among rivers re-
sulted in parallel directions of color pattern evolution among several 
rivers. Using the known ancestor- descendant relationship between 
high-  and low- predation populations, we calculated correlations in 
direction of multivariate color evolution between rivers. Our results 
were similar to those reported in two previous studies in that we 
found inconsistencies in the direction of color evolution among the 
rivers. In both previous studies, an increase or decrease in quantity 
and size of individual color pattern elements were compared to de-
termine similarity in evolutionary trajectories (Kemp et al., 2009; 
Millar & Hendry, 2012). Our approach to sampling color using 
Colormesh compliments these studies by assessing total phenotypic 
variation across the entire fish while avoiding the potential con-
straints imposed by the use of human- determined color categories. 
Three of the four rivers (Aripo, El Cedro, and Guanapo) in our com-
parisons belong to the same drainage system (Caroni), with the El 
Cedro being a tributary of the Guanapo. Comparisons between pairs 
of rivers within the Caroni drainage system showed that the El Cedro 
and Guanapo rivers were more similar in the trajectory of evolution 
than the other pairs of rivers, but the degree of similarity was small 
(vector correlation <0.3).

Between- drainage correlations included comparisons of a sin-
gle river of the Oropuche drainage (Turure) with each of the three 
rivers belonging to the Caroni drainage. These three correlation 
measures were highly variable. We expected the Turure- Guanapo 
and Turure- El Cedro comparisons to show greater correlation in di-
rection of evolution than the Turure- Aprio comparison because the 
low- predation Turure population was originally a guppy- free loca-
tion where guppies from a high- predation population in the Arima 
river (in the Caroni drainage, collected near the confluence with 
the Guanapo river) were introduced by Haskins in 1957 (Magurran 
et al., 1992; Shaw et al., 1992). Genetic evidence indicates the in-
troduced guppies have successfully established themselves all along 
the low-  to high- predation reaches of the Turure and have inter-
bred with native Turure populations located downstream (Becher 
& Magurran, 2000; Fitzpatrick et al., 2015; Shaw et al., 1992). 
Surprisingly, the between- drainage system comparisons found the 
direction of color evolution between the Turure and Aripo was more 
similar to that expected between rivers within the same drainage. 
One possible explanation for this is that, in contrast to the other 
rivers used in this comparison, the large barrier waterfall between 
the low-  and high- predation populations within the Turure River has 
prevented the migration of high- predation guppies upstream; the 
fish in this low- predation location are exclusively descendants of the 
transplanted fish (Shaw et al., 1992). This suggests that some aspects 
of the environment, beyond predation regime, and/or stochasticity 
play an important role in the direction of the color evolution when 
considering the overall patterns.

In our study, the consistent pattern of separation between high 
and low- predation populations found in the DAPC suggested that 

the direction of color evolution might be quite similar in different 
rivers. It is important to note that our approach sampled all aspects 
of color data obtained by the digital imaging process. It is possible 
that evolutionary trajectories of some aspect of color are indeed 
more parallel then the overall pattern shows. The completeness 
of our characterization of color patterns allows the user to restrict 
subsequent analyses to subsets of the color pattern hypothesized to 
correspond to more predictable differences among the groups under 
study; methods that only assess limited aspects of color pattern do 
not allow alternative characterizations to be investigated without re-
characterizing the original images. The Colormesh approach enabled 
our analysis of the multivariate direction of evolution providing a 
quantitative measure of degree of similarity or parallelism in inde-
pendent replicates using methods developed for addressing these 
questions and similar questions for other kinds of quantitative traits.

4.3 | Total phenotypic variation

Using the guppy system example, we also evaluated differences in 
total phenotypic variation within and among populations. The pro-
cesses that promote variation in male guppy color patterns have been 
investigated extensively (e.g., Brooks, 2002; Brooks & Endler, 2001; 
Farr, 1977; Houde & Endler, 1990; Hughes et al., 1999, 2013), and 
based on this literature, we predicted that low- predation sites should 
exhibit more phenotype variation than high- predation sites. We did 
find that the low- predation Aripo and Turure populations had signifi-
cantly greater variance in overall color than the high- predation pop-
ulations in those rivers; however, the trend (though not significant) 
was in the opposite direction for the El Cedro and Guanapo popu-
lations. This lack of consistently greater variation in low- predation 
populations suggests that A. hartii does not inflict stronger NFDS on 
guppies in low- predation populations, or that other ecological condi-
tions interact with the NFDS imposed by predators and females to 
determine levels of within- population variance in male color. Future 
investigations should assess density of potential predators and other 
ecological and genetic patterns (e.g., effective population size and 
migration rates) to provide more insight into the determinants of 
variation in this ecologically important trait.

We also identified spatial positions on the body that were char-
acterized by high within- population variation. Given the evidence 
for NFDS, future studies could examine whether spatial positions 
exhibiting high within- population variance are subject to stronger 
selection than regions with lower variance. Such studies could deter-
mine if female- imposed sexual selection (e.g., Valvo et al., 2019) or 
predator- imposed natural selection (e.g., Fraser et al., 2013) is influ-
enced by the spatial distribution of variable color pattern elements.

4.4 | Summary, extensions, and conclusion

The use of Colormesh provides a novel and unsupervised approach to 
the analysis of complex color patterns. In applying this pipeline, we 
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focused on population differences and on patterns associated with 
repeated evolutionary transitions to novel ecological conditions in 
guppies. We emphasize, however, that this method of quantifying 
color, which results in a standard multidimensional representation, 
can be used to address a wide variety of questions for biological 
samples ranging from histology preps to whole organisms and can 
be integrated or combined with other approaches to color and pat-
tern analysis. For example, patterns of correlation in color across 
the body could be assessed by standard methods in spatial statis-
tics (Schabenberger & Gotway, 2005; Wackernagel, 2013). These 
methods can identify regular patterns such as stripes and spots, and 
capture variation in this patterning among individuals, populations, 
or species. Our approach can be easily extended to more than three 
color channels (e.g., UV), to different color spaces (CIELAB, HSV, 
etc.), and to other features such as polarization by adding dimen-
sions to the multivariate trait vector. The continuous representation 
of color could be used for image segmentation or disparity analy-
sis, applying approaches available in patternize and colordistance 
(Van Belleghem et al., 2018; Weller & Westneat, 2019). Critically, 
the highly multivariate and spatially explicit data produced by this 
method could be integrated with visual models based on the biology 
of the receivers of visual signals, such as those incorporated in pavo2 
and the QCPA platform (van den Berg et al., 2020; Maia et al., 2019). 
Visual modeling could resolve the apparent contrast between our 
quantitative results (low to moderate parallelism in the evolution 
of color patterns across different river systems), and the results of 
other studies that find that rivers within the same drainage tend to 
exhibit parallel changes (e.g., Kemp et al., 2018). It is possible that 
only some aspects of color pattern are relevant to predation risk 
or attractiveness, while other aspects of color pattern detected by 
Colormesh are not relevant. The representation of color pattern from 
Colormesh could be used in future analyses to test which aspect of 
pattern are in fact relevant to these processes.

Colormesh can also be used for detailed investigation of the in-
heritance of the complex guppy color pattern (see Paris et al., 2021). 
Some of the genes responsible for coloration are located on the sex 
chromosomes with several of these genes being Y- linked (Lindholm 
& Breden, 2002; Winge, 1927). The guppy color pattern is often 
described as being so variable that no two fish look alike; however, 
some aspects of the color pattern are highly heritable (Brooks & 
Endler, 2001b; Hughes et al., 2005) and some appear to be inher-
ited patrilineally (Endler, 1978; Houde, 1997; Winge, 1927). The 
extent to which guppy color patterns are sex- linked (as opposed to 
sex- limited in expression), and how these patterns relate to chro-
mosomal evolution, have been the subject of considerable recent 
interest (Charlesworth, 2018; Gordon et al., 2012, 2017; Paris 
et al., 2021; Wright et al., 2017). The methods described here could 
be deployed to determine whether a finite set of color patterns exist 
within a population and to quantify the number of such patterns 
when they exist. For example, rather than using human judgment, 
DAPC (described above) can be used to infer the number of clusters 
of similar color patterns within a population (Jombart et al., 2010). 
Although we focus on the complex color patterns of male guppies 

for our examples, the standardization of specimen images enables 
the Colormesh approach to be useful in investigating the inheritance 
of color patterns for a wide range of taxonomic groups.

Overall, the color sampling method performed by Colormesh is 
a novel approach for analysis of complex color patterns; analyses of 
guppy color patterns highlight the value of the approach. Colormesh 
offers unique capabilities that allow for the analysis of variation in 
color patterns regardless of whether pattern elements are clearly 
defined and complements, rather than replaces, existing methods of 
color pattern analysis.

ACKNOWLEDG MENTS
This work was supported by a Rosemary Grant Award (2015) to 
J.J.V., two National Science Foundation Grants (DEB 1740466 and 
IOS1354775) to K.A.H., and funding by the Natural Sciences and 
Engineering Research Council (Canada) to F.H.R. We would like to 
thank Connor Fitzpatrick, Mark Charran, Jack Torresdal, Michael 
Foisy, Alex De Serrano, Diana, and Tuna- puna for their assistance 
doing the field collections. We are grateful to Ronnie Hernandez at 
the William Beebe Tropical Research Station (Trinidad) for his assis-
tance in providing supplies and accommodations required for com-
pletion of fieldwork over the two- year period. We are also grateful 
to Asa Wright Nature Centre for their hospitality and assistance dur-
ing our fieldwork, as well as facilitating communication with govern-
ment agencies. We thank the government of Trinidad and Tobago 
for permitting the collection of experimental populations. We also 
thank Alexa Guerrera and Amber Makowicz for their helpful com-
ments that substantially increased the quality of this manuscript.

CONFLIC T OF INTERE S T
The authors declare they have no conflict of interest.

AUTHOR CONTRIBUTIONS
Jennifer J. Valvo: Conceptualization (lead); formal analysis (equal); 
funding acquisition (supporting); methodology (equal); soft-
ware (equal); writing- original draft (lead). Jose David Aponte: 
Conceptualization (equal); software (equal). Mitch J. Daniel: Formal 
analysis (supporting); writing- review & editing (supporting). Kenna 
Dwinell: Data curation (supporting). Helen Rodd: Data curation 
(supporting); funding acquisition (equal); methodology (supporting); 
writing- review & editing (supporting). David Houle: Formal analy-
sis (supporting); methodology (supporting); writing- review & edit-
ing (equal). Kimberly A. Hughes: Conceptualization (equal); formal 
analysis (equal); funding acquisition (equal); methodology (equal); 
writing- review & editing (equal).

E THIC AL APPROVAL
The research presented was described in Animal Research 
Protocol No. 1442 approved on 29 October 2014 and Protocol 
No. 1740 approved on 16 October 2017, by the Animal Care and 
Use Committee of Florida State University. A preprint version of 
this manuscript was made available through BiorXiv (https://doi.
org/10.1101/2020.07.17.205369).

https://doi.org/10.1101/2020.07.17.205369
https://doi.org/10.1101/2020.07.17.205369


     |  12481VALVO et AL.

PACK AG E DOWNLOAD
The Colormesh package is available for download at Github: https://
github.com/J0vid/ Color mesh. The code and example images to 
demonstrate the application of the Colormesh sampling approach is 
available to users at the Github site.

DATA AVAIL ABILIT Y S TATEMENT
The data used in this study are available via Dryad at https://doi.
org/10.5061/dryad.zgmsb ccc1.

ORCID
Jennifer J. Valvo  https://orcid.org/0000-0002-0125-7014 

R E FE R E N C E S
Adams, D. C., Collyer, M. L., & Kaliontzopoulou, A. (2020). Geomorph: 

Software for geometric morphometric analyses.
Adams, D. C., & Otárola- Castillo, E. (2013). geomorph: An r package for 

the collection and analysis of geometric morphometric shape data. 
Methods in Ecology and Evolution, 4, 393– 399.

Ahnesjö, J., & Forsman, A. (2006). Differential habitat selection by pygmy 
grasshopper color morphs; interactive effects of temperature and 
predator avoidance. Evolutionary Ecology, 20, 235– 257. https://doi.
org/10.1007/s1068 2- 006- 6178- 8

Alexander, H. J., Taylor, J. S., Wu, S.- S.- T., & Breden, F. (2006). Parallel 
evolution and vicariance in the guppy (Poecilia reticulata) over multi-
ple spatial and temporal scales. Evolution, 60, 2352– 2369. https://doi.
org/10.1111/j.0014- 3820.2006.tb018 70.x

Andersson, S., Ornborg, J., & Andersson, M. (1998). Ultraviolet sexual di-
morphism and assortative mating in blue tits. Proceedings of the Royal 
Society B: Biological Sciences, 265, 445– 450. https://doi.org/10.1098/
rspb.1998.0315

Aurenhammer, F. (1991). Voronoi diagrams- A survey of a fundamental 
geometric data structure. ACM Computing Surveys, 23, 345– 405. 
https://doi.org/10.1145/116873.116880

Bala, S., & Sekhon, G. S. (2011). A comparative study of surface re-
construction algorithms based on 3D cloud points Delaunay and 
crust triangulation. International Journal of Computer Science and 
Technology, 2, 327– 329.

Barthelme, S. (2020). imager: Image processing library based on “CImg”.
Becher, S. A., & Magurran, A. E. (2000). Gene flow in Trinidadian gup-

pies. Journal of Fish Biology, 56, 241– 249. https://doi.org/10.1111/
j.1095- 8649.2000.tb021 03.x

Bergeron, Z. T., & Fuller, R. C. (2018). Using human vision to detect vari-
ation in avian coloration: How bad is it? The American Naturalist, 191, 
269– 276. https://doi.org/10.1086/695282

Bessell, M. S. (2005). Standard photometric systems. Annual Review of 
Astronomy and Astrophysics, 43, 293– 336. https://doi.org/10.1146/
annur ev.astro.41.082801.100251

Bhargava, R., & Madabhushi, A. (2016). Emerging themes in image infor-
matics and molecular analysis for digital pathology. Annual Review of 
Biomedical Engineering, 18, 387– 412. https://doi.org/10.1146/annur 
ev- bioen g- 11241 5- 114722

Bookstein, F. L. (1997). Landmark methods for forms without landmarks: 
Morphometrics of group differences in outline shape. Medical Image 
Analysis, 1, 225– 243. https://doi.org/10.1016/S1361 - 8415(97)85012 - 8

Borer, M., Van Noort, T., Rahier, M., & Naisbit, R. E. (2010). Positive frequency- 
dependent selection on warning color in alpine leaf beetles. Evolution, 
64, 3629– 3633. https://doi.org/10.1111/j.1558- 5646.2010.01137.x

Brooks, R. (2002). Variation in female mate choice within guppy popu-
lations: Population divergence, multiple ornaments and the mainte-
nance of polymorphism. Genetica, 116, 343– 358.

Brooks, R. C., & Endler, J. A. (2001a). Female guppies agree to differ: 
Phenotypic and genetic variation in mate- choice behavior and the 
consequences for sexual selection. Evolution, 55, 1644– 1655. https://
doi.org/10.1111/j.0014- 3820.2001.tb006 84.x

Brooks, R. C., & Endler, J. A. (2001b). Direct and indirect sexual selection 
and quantitative genetics of male traits in guppies (Poecilia reticulata). 
Evolution, 55, 1002– 1015.

Brown, B. A., & Clegg, M. T. (1984). Influence of flower color polymor-
phism on genetic transmission in a natural population of the common 
morning glory, Ipomoea purpurea. Evolution, 38, 796.

Canty, A., & Ripley, B. D. (2019). boot: Bootstrap R (S- Plus) functions.
Charlesworth, D. (2018). The guppy sex chromosome system and the 

sexually antagonistic polymorphism hypothesis for Y chromosome 
recombination suppression. Genes, 9, 264. https://doi.org/10.3390/
genes 9050264

Cortesi, F., & Cheney, K. L. (2010). Conspicuousness is correlated with 
toxicity in marine opisthobranchs. Journal of Evolutionary Biology, 23, 
1509– 1518. https://doi.org/10.1111/j.1420- 9101.2010.02018.x

Cott, H. B. (1940). Adaptive coloration in animals. Methuen.
Crispo, E., Bentzen, P., Reznick, D. N., Kinnison, M. T., & Hendry, A. P. 

(2006). The relative influence of natural selection and geography 
on gene flow in guppies. Molecular Ecology, 15, 49– 62. https://doi.
org/10.1111/j.1365- 294X.2005.02764.x

Cuthill, I. C. (2019). Camouflage. Journal of Zoology, 308, 75– 92. https://
doi.org/10.1111/jzo.12682

Cuthill, I. C., Bennett, A. T. D., Partridge, J. C., & Maier, E. J. (1999). 
Plumage reflectance and the objective assessment of avian sex-
ual dichromatism. American Naturalist, 153, 183– 200. https://doi.
org/10.1086/303160

Darwin, C. (1859). On the origin of species by means of natural selection. 
John Murray.

Davidoff, J., & Fagot, J. (2010). Cross- species assessment of the linguistic 
origins of color categories. Comparative Cognition & Behavior Reviews, 
5, 100– 116. https://doi.org/10.3819/ccbr.2010.50005

Davison, A. C., & Hinkley, D. V. (1997). Bootstrap methods and their appli-
cations. Cambridge University Press.

De Berg, M., Cheong, O., Van Kreveld, M., & Overmars, M. (2008). 
Computational geometry: Algorithms and applications (3rd ed.). Springer.

Dell'Aquila, A. (2009). Digital imaging information technology applied to 
seed germination testing: A review. Sustainable Agriculture, 29, 377– 388.

Dyer, A. G., Boyd- Gerny, S., Mcloughlin, S., Rosa, M. G. P., Simonov, V., 
& Wong, B. B. M. (2012). Parallel evolution of angiosperm colour 
signals: Common evolutionary pressures linked to hymenopteran vi-
sion. Proceedings of the Royal Society B: Biological Sciences, 279, 3606– 
3615. https://doi.org/10.1098/rspb.2012.0827

Eakley, A. L., & Houde, A. E. (2004). Possible role of female discrimination 
against ‘redundant’ males in the evolution of colour pattern polymor-
phism in guppies. Proceedings of the Royal Society of London. Series B: 
Biological Sciences, 271(Suppl):S299– S301.

Ellers, J., & Boggs, C. L. (2003). The evolution of wing color: Male mate 
choice opposes adaptive wing color divergence in Colias butterflies. 
Evolution, 57, 1100– 1106. https://doi.org/10.1111/j.0014- 3820.2003.
tb003 19.x

Emaresi, G., Bize, P., Altwegg, R., Henry, I., van den Brink, V., Gasparini, J., 
& Roulin, A. (2014). Melanin- specific life- history strategies. American 
Naturalist, 183, 269– 280. https://doi.org/10.1086/674444

Endler, J. A. (1978). A predator's view of animal Color patterns. In M. K. 
Hecht, W. C. Steere, & B. Wallance (Eds.), Evolutionary biology (pp. 
319– 364). Springer.

Endler, J. A. (1980). Natural selection on color patterns in Poecilia reticu-
lata. Evolution, 34, 76– 91.

Endler, J. A. (1983). Natural and sexual selection on color patterns in poe-
ciliid fishes. Environmental Biology of Fishes, 9, 173– 190. https://doi.
org/10.1007/BF006 90861

https://github.com/J0vid/Colormesh
https://github.com/J0vid/Colormesh
https://doi.org/10.5061/dryad.zgmsbccc1
https://doi.org/10.5061/dryad.zgmsbccc1
https://orcid.org/0000-0002-0125-7014
https://orcid.org/0000-0002-0125-7014
https://doi.org/10.1007/s10682-006-6178-8
https://doi.org/10.1007/s10682-006-6178-8
https://doi.org/10.1111/j.0014-3820.2006.tb01870.x
https://doi.org/10.1111/j.0014-3820.2006.tb01870.x
https://doi.org/10.1098/rspb.1998.0315
https://doi.org/10.1098/rspb.1998.0315
https://doi.org/10.1145/116873.116880
https://doi.org/10.1111/j.1095-8649.2000.tb02103.x
https://doi.org/10.1111/j.1095-8649.2000.tb02103.x
https://doi.org/10.1086/695282
https://doi.org/10.1146/annurev.astro.41.082801.100251
https://doi.org/10.1146/annurev.astro.41.082801.100251
https://doi.org/10.1146/annurev-bioeng-112415-114722
https://doi.org/10.1146/annurev-bioeng-112415-114722
https://doi.org/10.1016/S1361-8415(97)85012-8
https://doi.org/10.1111/j.1558-5646.2010.01137.x
https://doi.org/10.1111/j.0014-3820.2001.tb00684.x
https://doi.org/10.1111/j.0014-3820.2001.tb00684.x
https://doi.org/10.3390/genes9050264
https://doi.org/10.3390/genes9050264
https://doi.org/10.1111/j.1420-9101.2010.02018.x
https://doi.org/10.1111/j.1365-294X.2005.02764.x
https://doi.org/10.1111/j.1365-294X.2005.02764.x
https://doi.org/10.1111/jzo.12682
https://doi.org/10.1111/jzo.12682
https://doi.org/10.1086/303160
https://doi.org/10.1086/303160
https://doi.org/10.3819/ccbr.2010.50005
https://doi.org/10.1098/rspb.2012.0827
https://doi.org/10.1111/j.0014-3820.2003.tb00319.x
https://doi.org/10.1111/j.0014-3820.2003.tb00319.x
https://doi.org/10.1086/674444
https://doi.org/10.1007/BF00690861
https://doi.org/10.1007/BF00690861


12482  |     VALVO et AL.

Endler, J. A. (1990). On the measurement and classification of colour in 
studies of animal colour patterns. Biological Journal of the Linnean 
Society, 41, 315– 352. https://doi.org/10.1111/j.1095- 8312.1990.
tb008 39.x

Endler, J. A. (1991). Variation in the appearance of guppy color 
patterns to guppies and their predators under different vi-
sual conditions. Vision Research, 31, 587– 608. https://doi.
org/10.1016/0042- 6989(91)90109 - I

Endler, J. A. (1995). Multiple- trait coevolution and environmental gradi-
ents in guppies. Trends in Ecology and Evolution, 10, 22– 29. https://doi.
org/10.1016/S0169 - 5347(00)88956 - 9

Endler, J. A. (2012). A framework for analysing colour pattern geometry: 
Adjacent colours. Biological Journal of the Linnean Society, 107, 233– 
253. https://doi.org/10.1111/j.1095- 8312.2012.01937.x

Endler, J. A., Cole, G. L., & Kranz, A. M. (2018). Boundary strength 
analysis: Combining colour pattern geometry and coloured 
patch visual properties for use in predicting behaviour and fit-
ness. Methods in Ecology and Evolution, 9, 2334– 2348. https://doi.
org/10.1111/2041- 210X.13073

Endler, J. A., & Houde, A. E. (1995). Geographic variation in female pref-
erences for male traits in Poecilia reticulata. Evolution, 49, 456– 468.

Endler, J. A., & Mielke, P. W. (2005). Comparing entire colour patterns as 
birds see them. Biological Journal of the Linnean Society, 86, 405– 431. 
https://doi.org/10.1111/j.1095- 8312.2005.00540.x

Evans, J. P., Brooks, R. C., Zajitschek, S. R. K., & Griffith, S. C. (2008). 
Does genetic relatedness of mates influence competitive fertil-
ization success in guppies? Evolution, 62, 2929– 2935. https://doi.
org/10.1111/j.1558- 5646.2008.00496.x

Farr, J. (1977). Male rarity or novelty, female choice behavior, and sexual 
selection in the guppy, Poecilia reticulata Peters (Pisces: Poeciliidae). 
Evolution, 31, 162– 168.

Fitzpatrick, S. W., Gerberich, J. C., Kronenberger, J. A., Angeloni, L. M., & 
Funk, W. C. (2015). Locally adapted traits maintained in the face of 
high gene flow. Ecology Letters, 18, 37– 47. https://doi.org/10.1111/
ele.12388

Fraser, B. A., Hughes, K. A., Tosh, D. N., & Rodd, F. H. (2013). The role 
of learning by a predator, Rivulus hartii, in the rare- morph survival 
advantage in guppies. Journal of Evolutionary Biology, 26, 2597– 2605.

Gilliam, J. F., Fraser, D. F., & Alkins- Koo, M. (1993). Structure of a tropi-
cal stream fish community: A role for biotic interactions. Ecology, 74, 
1856– 1870. https://doi.org/10.2307/1939943

Gomez, D., & Théry, M. (2007). Simultaneous crypsis and conspicuous-
ness in color patterns: Comparative analysis of a neotropical rain-
forest bird community. American Naturalist, 169(1), S42. https://doi.
org/10.2307/4125301

Gordon, S. P., López- Sepulcre, A., & Reznick, D. N. (2012). Predation- 
associated differences in sex linakage of wild guppy coloration. 
Evolution, 66, 912– 918.

Gordon, S. P., López- Sepulcre, A., Rumbo, D., & Reznick, D. N. (2017). 
Rapid changes in the sex linkage of male coloration in introduced 
guppy populations. American Naturalist, 189, 196– 200. https://doi.
org/10.1086/689864

Gordon, S. P., Reznick, D., Arendt, J. D., Roughton, A., Ontiveros 
Hernandez, M. N., Bentzen, P., & López- Sepulcre, A. (2015). 
Selection analysis on the rapid evolution of a secondary sexual trait. 
Proceedings of the Royal Society B: Biological Sciences, 282, 20151244.

Graber, R. E., Senagolage, M., Ross, E., Houde, A. E., & Hughes, K. A. 
(2015). Mate preference for novel phenotypes: A fresh face matters. 
Ethology, 121, 17– 25. https://doi.org/10.1111/eth.12313

Grether, G. F., Millie, D. F., Bryant, M. J., Reznick, D. N., & Mayea, W. 
(2001). Rain forest canopy cover, resource availability, and life his-
tory evolution in guppies. Ecology, 82, 1546– 1559.

Gunz, P., & Mitteroecker, P. (2013). Semilandmarks: A method for quanti-
fying curves and surfaces. Hystrix, 24, 103– 109.

Hadi, A. M., Mouchaers, K. T. B., Schalij, I., Grunberg, K., Meijer, G. 
A., Vonk- Noordegraaf, A., Van Der Laarse, W. J., & Beliën, J. A. M. 
(2011). Rapid quantification of myocardial fibrosis: A new macro- 
based automated analysis. Cellular Oncology, 34, 343– 354. https://
doi.org/10.1007/s1340 2- 011- 0035- 7

Hampton, K. J., Hughes, K. A., & Houde, A. E. (2009). The allure of the 
distinctive: Reduced sexual responsiveness of female guppies to ‘re-
dundant’ male colour patterns. Ethology, 115, 475– 481. https://doi.
org/10.1111/j.1439- 0310.2009.01634.x

Hemingson, C. R., Cowman, P. F., Hodge, J. R., & Bellwood, D. R. (2019). 
Colour pattern divergence in reef fish species is rapid and driven 
by both range overlap and symmetry. Ecology Letters, 22, 190– 199. 
https://doi.org/10.1111/ele.13180

Houde, A. E. (1987). Mate choice based upon naturally occurring color- 
pattern variation in a guppy population. Evolution, 41, 1– 10.

Houde, A. E. (1997). Sex, color, and mate choice in guppies. Princeton 
University Press.

Houde, A. E., & Endler, J. A. (1990). Correlated evolution of female 
mating preferences and male color patterns in the guppy Poecilia 
reticulata. Science, 248, 1405– 1408. https://doi.org/10.1126/scien 
ce.248.4961.1405

Hughes, K. A., Du, L., Rodd, F. H., & Reznick, D. N. (1999). Familiarity 
leads to female mate preference for novel males in the guppy, Poecilia 
reticulata. Animal Behaviour, 58, 907– 916. https://doi.org/10.1006/
anbe.1999.1225

Hughes, K. A., Houde, A. E., Price, A. C., & Rodd, F. H. (2013). Mating ad-
vantage for rare males in wild guppy populations. Nature, 503, 108– 
110. https://doi.org/10.1038/natur e12717

Hughes, K. A., Rodd, F. H., & Reznick, D. N. (2005). Genetic and envi-
ronmental effects on secondary sex traits in guppies (Poecilia re-
ticulata). Journal of Evolutionary Biology, 18, 35– 45. https://doi.
org/10.1111/j.1420- 9101.2004.00806.x

Isaac, L. A., & Gregory, P. T. (2013). Can snakes hide in plain view? 
Chromatic and achromatic crypsis of two colour forms of the 
Western Terrestrial Garter Snake (Thamnophis elegans). Biological 
Journal of the Linnean Society, 108, 756– 772.

Jennions, M. D., & Petrie, M. (1997). Variation in mate choice and mat-
ing preferences: A review of causes and consequences. Biological 
Reviews of the Cambridge Philosophical Society, 72, 283– 327. https://
doi.org/10.1017/S0006 32319 6005014

Jombart, T. (2008). Adegenet: A R package for the multivariate analy-
sis of genetic markers. Bioinformatics, 24, 1403– 1405. https://doi.
org/10.1093/bioin forma tics/btn129

Jombart, T., Devillard, S., & Balloux, F. (2010). Discriminant analysis 
of principal components: A new method for the analysis of genet-
ically structured populations. BMC Genetics, 11, 94. https://doi.
org/10.1186/1471- 2156- 11- 94

Kelber, A. (2016). Colour in the eye of the beholder: Receptor sensitiv-
ities and neural circuits underlying colour opponency and colour 
perception. Current Opinion in Neurobiology, 41, 106– 112. https://doi.
org/10.1016/j.conb.2016.09.007

Kemp, D. J., Batistic, F., & Reznick, D. N. (2018). Predictable adaptive 
trajectories of sexual coloration in the wild: Evidence from replicate 
experimental guppy populations. Evolution, 72(11), 2462– 2477.

Kemp, D. J., Reznick, D. N., & Grether, G. F. (2008). Ornamental evo-
lution in Trinidadian guppies (Poecilia reticulata): Insights from 
sensory processing- based analyses of entire colour patterns. 
Biological Journal of the Linnean Society, 95, 734– 747. https://doi.
org/10.1111/j.1095- 8312.2008.01112.x

Kemp, D. J., Reznick, D. N., Grether, G. F., & Endler, J. A. (2009). Predicting 
the direction of ornament evolution in Trinidadian guppies (Poecilia 
reticulata). Proceedings of the Royal Society B: Biological Sciences, 276, 
4335– 4343.

Laurinaviciene, A., Dasevicius, D., Ostapenko, V., Jarmalaite, S., Lazutka, 
J., & Laurinavicius, A. (2011). Membrane connectivity estimated by 

https://doi.org/10.1111/j.1095-8312.1990.tb00839.x
https://doi.org/10.1111/j.1095-8312.1990.tb00839.x
https://doi.org/10.1016/0042-6989(91)90109-I
https://doi.org/10.1016/0042-6989(91)90109-I
https://doi.org/10.1016/S0169-5347(00)88956-9
https://doi.org/10.1016/S0169-5347(00)88956-9
https://doi.org/10.1111/j.1095-8312.2012.01937.x
https://doi.org/10.1111/2041-210X.13073
https://doi.org/10.1111/2041-210X.13073
https://doi.org/10.1111/j.1095-8312.2005.00540.x
https://doi.org/10.1111/j.1558-5646.2008.00496.x
https://doi.org/10.1111/j.1558-5646.2008.00496.x
https://doi.org/10.1111/ele.12388
https://doi.org/10.1111/ele.12388
https://doi.org/10.2307/1939943
https://doi.org/10.2307/4125301
https://doi.org/10.2307/4125301
https://doi.org/10.1086/689864
https://doi.org/10.1086/689864
https://doi.org/10.1111/eth.12313
https://doi.org/10.1007/s13402-011-0035-7
https://doi.org/10.1007/s13402-011-0035-7
https://doi.org/10.1111/j.1439-0310.2009.01634.x
https://doi.org/10.1111/j.1439-0310.2009.01634.x
https://doi.org/10.1111/ele.13180
https://doi.org/10.1126/science.248.4961.1405
https://doi.org/10.1126/science.248.4961.1405
https://doi.org/10.1006/anbe.1999.1225
https://doi.org/10.1006/anbe.1999.1225
https://doi.org/10.1038/nature12717
https://doi.org/10.1111/j.1420-9101.2004.00806.x
https://doi.org/10.1111/j.1420-9101.2004.00806.x
https://doi.org/10.1017/S0006323196005014
https://doi.org/10.1017/S0006323196005014
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1186/1471-2156-11-94
https://doi.org/10.1186/1471-2156-11-94
https://doi.org/10.1016/j.conb.2016.09.007
https://doi.org/10.1016/j.conb.2016.09.007
https://doi.org/10.1111/j.1095-8312.2008.01112.x
https://doi.org/10.1111/j.1095-8312.2008.01112.x


     |  12483VALVO et AL.

digital image analysis of HER2 immunohistochemistry is concordant 
with visual scoring and fluorescence in situ hybridization results: 
Algorithm evaluation on breast cancer tissue microarrays. Diagnostic 
Pathology, 6, 1– 10. https://doi.org/10.1186/1746- 1596- 6- 87

Limkin, E. J., Sun, R., Dercle, L., Zacharaki, E. I., Robert, C., Reuzé, S., 
Schernberg, A., Paragios, N., Deutsch, E., & Ferté, C. (2017). Promises 
and challenges for the implementation of computational medical im-
aging (radiomics) in oncology. Annals of Oncology, 28, 1191– 1206. 
https://doi.org/10.1093/annon c/mdx034

Lindholm, A., & Breden, F. (2002). Sex chromosomes and sexual selection 
in poeciliid fishes. The American Naturalist, 160(Suppl), S214– S224. 
https://doi.org/10.1086/342898

Magurran, A. E. (2005). Evolutionary ecology: The Trinidadian guppy. 
Oxford University Press.

Magurran, A. E., Seghers, B. H., Carvalho, G. R., & Shaw, P. W. (1992). 
Behavioural consequences of an artificial introduction of guppies 
(Poecilia reticulata) in N. Trinidad: Evidence for the evolution of anti- 
predicator behaviour in the wild. Proceedings of the Royal Society of 
London, Series B: Biological Sciences, 248, 117– 122.

Maia, R., Gruson, H., Endler, J. A., & White, T. E. (2019). pavo 2: New tools 
for the spectral and spatial analysis of colour in r. Methods in Ecology 
and Evolution, 10, 1097– 1107.

Mallet, J., & Joron, M. (1999). Evolution of diversity in warning color 
and mimicry: Polymorphisms, shifting balance, and speciation. 
Annual Review of Ecology and Systematics, 30, 201– 233. https://doi.
org/10.1146/annur ev.ecols ys.30.1.201

Manukyan, L., Montandon, S. A., Fofonjka, A., Smirnov, S., & Milinkovitch, 
M. C. (2017). A living mesoscopic cellular automaton made of skin 
scales. Nature, 544, 173– 179. https://doi.org/10.1038/natur e22031

Mappes, J., Marples, N., & Endler, J. A. (2005). The complex business of 
survival by aposematism. Trends in Ecology and Evolution, 20, 598– 
603. https://doi.org/10.1016/j.tree.2005.07.011

Mariette, M. M., Zajitschek, S. R. K., Garcia, C. M., & Brooks, R. C. (2010). 
The effects of familiarity and group size on mating preferences in the 
guppy, Poecilia reticulata. Journal of Evolutionary Biology, 23, 1772– 
1782. https://doi.org/10.1111/j.1420- 9101.2010.02042.x

Márquez, E. J., Cabeen, R., Woods, R. P., & Houle, D. (2012). The mea-
surement of local variation in shape. Evolutionary Biology, 39, 419– 
439. https://doi.org/10.1007/s1169 2- 012- 9159- 6

Mclean, C. A., & Stuart- Fox, D. (2014). Geographic variation in animal 
colour polymorphisms and its role in speciation. Biological Reviews, 
89, 860– 873. https://doi.org/10.1111/brv.12083

Millar, N. P., & Hendry, A. P. (2012). Population divergence of private and 
non- private signals in wild guppies. Environmental Biology of Fishes, 
94, 513– 525. https://doi.org/10.1007/s1064 1- 011- 9801- 7

Millar, N. P., Reznick, D. N., Kinnison, M. T., & Hendry, A. P. (2006). Disentangling 
the selective factors that act on male colour in wild guppies. Oikos, 113, 
1– 12. https://doi.org/10.1111/j.0030- 1299.2006.14038.x

Olendorf, R., Rodd, F. H., Punzalan, D., Houde, A. E., Hurt, C., Reznick, D. 
N., & Hughes, K. A. (2006). Frequency- dependent survival in natural 
guppy populations. Nature, 441, 633– 636. https://doi.org/10.1038/
natur e04646

Olsson, M. (1994). Nuptial coloration in the sand lizard, Lacerta agilis: An intra- 
sexually selected cue to lighting ability. Animal Behaviour, 48, 607– 613.

Ooms, J. (2021). magick: Advanced graphics and image- processing in R.
Orton, R. W., Kinsey, C. T., & McBrayer, L. D. (2019). Mite load predicts 

the quality of sexual color and locomotor performance in a sexually 
dichromatic lizard. Ecology and Evolution, 10(7), 3152– 3163. https://
doi.org/10.1002/ece3.5689

Papadopulos, F., Spinelli, M., Valente, S., Foroni, L., Orrico, C., Alviano, 
F., & Pasquinelli, G. (2007). Common tasks in microscopic and ultra-
structural image analysis using ImageJ. Ultrastructural Pathology, 31, 
401– 407. https://doi.org/10.1080/01913 12070 1719189

Paris, J. R., Whiting, J. R., Daniel, M. J., Obiol, J. F., Parsons, P. J., Der Zee, 
V., Wheat, C. W., Hughes, K. A., Fraser, B. A., Road, S., De Barcelona, 

U., & Genetics, P. (2021). A large and diverse autosomal haplotype 
is associated with sex-  linked colour polymorphism in the guppy. 
bioRxiv. https://doi.org/10.1101/2021.04.08.437888

Pathare, P. B., Opara, U. L., & Al- Said, F. A. J. (2013). Colour measurement 
and analysis in fresh and processed foods: A review. Food and Bioprocess 
Technology, 6, 36– 60. https://doi.org/10.1007/s1194 7- 012- 0867- 9

Pau, G., Fuchs, F., Sklyar, O., Boutros, M., & Huber, W. (2010). EBImage: 
An R package for image processing with applications to cellular phe-
notypes. Bioinformatics, 26, 979– 981. https://doi.org/10.1093/bioin 
forma tics/btq046

Pebesma, E. J., & Bivand, R. S. (2005). Classes and methods for spatial 
data in R. R News, 5, 9– 13.

Petrie, M. (1992). Peacocks with low mating success are more likely 
to suffer predation. Animal Behaviour, 44, 585– 586. https://doi.
org/10.1016/0003- 3472(92)90072 - H

Petrie, M., & Halliday, T. (1994). Experimental and natural changes in the pea-
cock's (Pavo cristatus) train can affect mating success. Behavioral Ecology 
and Sociobiology, 35, 213– 217. https://doi.org/10.1007/BF001 67962

Power, M., O'Connell, M. F., & Dempson, J. B. (2005). Ecological segre-
gation within and among Arctic char morphotypesin Gander Lake, 
Newfoundland. Environmental Biology of Fishes, 73, 263– 274. https://
doi.org/10.1007/s1064 1- 005- 2137- 4

R Core Team (2019). R: A language and environment for statistical comput-
ing. Vienna, Austria.

Renka, R. J., Gebhardt, A., Eglen, S., Zuyev, S., & White, D. (2016). tripack: 
Triangulation of irregularly spaced data.

Reznick, D. N. (1989). Life- history evolution in guppies: II. Repeatability 
of field observations and the effects of season on life histories. 
Evolution, 43, 1285– 1297.

Reznick, D. N., & Bryga, H. (1987). Life- history evolution in guppies 
(Poecilia reticulata): I. Phenotypic and genetic changes in an introduc-
tion experiment. Evolution, 41, 1370– 1385.

Reznick, D. N., & Bryga, H. A. (1996). Life- history evolution in guppies 
(Poecilia reticulata: Poeciliidae ). V. Genetic basis of parallelism in life 
histories. American Naturalist, 147, 339– 359.

Reznick, D. N., Butler, M. J. IV, & Rodd, F. H. (2001). Life- history evolution 
in guppies. VII. The comparative ecology of high-  and low- predation 
environments. The American Naturalist, 157, 126– 140.

Reznick, D. N., Butler, M. J., Rodd, F. H., & Ross, P. (1996). Life- history 
evolution in guppies (Poecilia reticulata) VI. Differential mortality as a 
mechanism for natural selection. Evolution, 50, 1651– 1660.

Reznick, D. N., & Endler, J. A. (1982). The impact of predation on life his-
tory evolution in Trinidadian guppies (Poecilia reticulata). Evolution, 36, 
160– 177.

Reznick, D. N., Rodd, F. H., & Cardenas, M. (1996). Life- History evolu-
tion in guppies (Poecilia reticulata: Poeciliidae). IV. Parallelism in life- 
history phenotypes. American Naturalist, 147, 319– 338.

Rizzardi, A. E., Zhang, X., Vogel, R. I., Kolb, S., Geybels, M. S., Leung, Y. 
K., Henriksen, J. C., Ho, S. M., Kwak, J., Stanford, J. L., & Schmechel, 
S. C. (2016). Quantitative comparison and reproducibility of patholo-
gist scoring and digital image analysis of estrogen receptor β2 immu-
nohistochemistry in prostate cancer. Diagnostic Pathology, 11, 1– 11. 
https://doi.org/10.1186/s1300 0- 016- 0511- 5

Robinson, M. S., Brylow, S. M., Tschimmel, M., Humm, D., Lawrence, S. J., 
Thomas, P. C., Denevi, B. W., Bowman- Cisneros, E., Zerr, J., Ravine, 
M. A., Caplinger, M. A., Ghaemi, F. T., Schaffner, J. A., Malin, M. C., 
Mahanti, P., Bartels, A., Anderson, J., Tran, T. N., Eliason, E. M., … 
Hiesinger, H. (2010). Lunar reconnaissance orbiter camera (LROC) in-
strument overview. Space Science Reviews, 150, 81– 124. https://doi.
org/10.1007/s1121 4- 010- 9634- 2

Rohlf, F. J. (2015). The tps series of software. Hystrix, 26, 1– 4.
Schabenberger, O., & Gotway, C. A. (2005). Statistical methods for spatial 

data analysis. Chapman and Hall/CRC.
Schindelin, J., Rueden, C. T., Hiner, M. C., & Eliceiri, K. W. (2015). The 

ImageJ ecosystem: An open platform for biomedical image analysis. 

https://doi.org/10.1186/1746-1596-6-87
https://doi.org/10.1093/annonc/mdx034
https://doi.org/10.1086/342898
https://doi.org/10.1146/annurev.ecolsys.30.1.201
https://doi.org/10.1146/annurev.ecolsys.30.1.201
https://doi.org/10.1038/nature22031
https://doi.org/10.1016/j.tree.2005.07.011
https://doi.org/10.1111/j.1420-9101.2010.02042.x
https://doi.org/10.1007/s11692-012-9159-6
https://doi.org/10.1111/brv.12083
https://doi.org/10.1007/s10641-011-9801-7
https://doi.org/10.1111/j.0030-1299.2006.14038.x
https://doi.org/10.1038/nature04646
https://doi.org/10.1038/nature04646
https://doi.org/10.1002/ece3.5689
https://doi.org/10.1002/ece3.5689
https://doi.org/10.1080/01913120701719189
https://doi.org/10.1101/2021.04.08.437888
https://doi.org/10.1007/s11947-012-0867-9
https://doi.org/10.1093/bioinformatics/btq046
https://doi.org/10.1093/bioinformatics/btq046
https://doi.org/10.1016/0003-3472(92)90072-H
https://doi.org/10.1016/0003-3472(92)90072-H
https://doi.org/10.1007/BF00167962
https://doi.org/10.1007/s10641-005-2137-4
https://doi.org/10.1007/s10641-005-2137-4
https://doi.org/10.1186/s13000-016-0511-5
https://doi.org/10.1007/s11214-010-9634-2
https://doi.org/10.1007/s11214-010-9634-2


12484  |     VALVO et AL.

Molecular Reproduction and Development, 82, 518– 529. https://doi.
org/10.1002/mrd.22489

Schlager, S. (2017). Morpho and Rvcg: Shape analysis in R. In G. Zheng, 
S. Li, & G. Szekely (Eds.), Statistical shape and deformation analysis (pp. 
217– 256). Academic Press.

Schneider, C. A., Rasband, W. S., & Eliceiri, K. W. (2012). NIH Image to 
ImageJ: 25 years of image analysis. Nature Methods, 9, 671– 676. 
https://doi.org/10.1038/nmeth.2089

Semler, D. E. (1971). Some aspects of adaptation in a polymorphism for 
breeding colours in the Threespine stickleback (Gasterosteus acu-
leatus). Journal of Zoology, 165, 291– 302. https://doi.org/10.1111/
j.1469- 7998.1971.tb021 88.x

Shaw, P. W., Carvalho, G. R., Seghers, B. H., & Magurran, A. E. (1992). 
Genetic conequences of an artificial introduction of guppies (Poecilia 
reticulata) in N. Trinidad. Proceedings of the Royal Society of London, 
Series B: Biological Sciences, 248, 111– 116.

Shawkey, M. D., & D'Alba, L. (2017). Interactions between colour- 
producing mechanisms and their effects on the integumentary co-
lour palette. Philosophical Transactions of the Royal Society B: Biological 
Sciences, 372(1724), 20160536.

Sinervo, B., & Lively, C. M. (1996). The rock– paper– scissors game and 
the evolution of alternative male strategies. Nature, 380, 240– 243. 
https://doi.org/10.1038/380240a0

Siuda- Krzywicka, K., Boros, M., Bartolomeo, P., & Witzel, C. (2019). The bio-
logical bases of colour categorisation: From goldfish to the human brain. 
Cortex, 118, 82– 106. https://doi.org/10.1016/j.cortex.2019.04.010

Stoddard, M. C., Kilner, R. M., & Town, C. (2014). Pattern recognition algo-
rithm reveals how birds evolve individual egg pattern signatures. Nature 
Communications, 5, 1– 10. https://doi.org/10.1038/ncomm s5117

Stoddard, M. C., & Stevens, M. (2011). Avian vision and the evolution of 
egg color mimicry in the common cuckoo. Evolution, 65, 2004– 2013. 
https://doi.org/10.1111/j.1558- 5646.2011.01262.x

Suk, H. Y., & Neff, B. D. (2009). Microsatellite genetic differentiation 
among populations of the Trinidadian guppy. Heredity, 102, 425– 434. 
https://doi.org/10.1038/hdy.2009.7

Svensson, E., Sinervo, B., & Comendant, T. (2001). Condition, genotype- 
by- environment interaction, and correlational selection in lizard life- 
history morphs. Evolution, 55, 2053– 2069. https://doi.org/10.1111/
j.0014- 3820.2001.tb013 21.x

Tan, C.- C., & Li, J.- C. (1934). Inheritance of the elytral color patterns of 
the lady- bird beetle, Harmonia axyridis Pallas. The American Naturalist, 
68, 252– 265. https://doi.org/10.1086/280543

Torres Dowdall, J., Handelsman, C. A., Ruell, E. W., Auer, S. K., Reznick, 
D. N., & Ghalambor, C. K. (2012). Fine- scale local adaptation 
in life histories along a continuous environmental gradient in 
Trinidadian guppies. Functional Ecology, 26, 616– 627. https://doi.
org/10.1111/j.1365- 2435.2012.01980.x

Troscianko, J., & Stevens, M. (2015). Image calibration and analysis tool-
box -  A free software suite for objectively measuring reflectance, 
colour and pattern. Methods in Ecology and Evolution, 6, 1320– 1331. 
https://doi.org/10.1111/2041- 210X.12439

Valvo, J. J., Rodd, F. H., & Hughes, K. A. (2019). Consistent female prefer-
ence for rare and unfamiliar male color patterns in wild guppy popu-
lations. Behavioral Ecology, 30, 1672– 1681. https://doi.org/10.1093/
behec o/arz134

Van Belleghem, S. M., Papa, R., Ortiz- Zuazaga, H., Hendrickx, F., Jiggins, C. 
D., Owen McMillan, W., & Counterman, B. A. (2018). patternize: An R 

package for quantifying colour pattern variation. Methods in Ecology and 
Evolution, 9, 390– 398. https://doi.org/10.1111/2041- 210X.12853

van den Berg, C. P., Troscianko, J., Endler, J. A., Marshall, N. J., & Cheney, 
K. L. (2020). Quantitative Colour Pattern Analysis (QCPA): A com-
prehensive framework for the analysis of colour patterns in na-
ture. Methods in Ecology and Evolution, 11, 316– 332. https://doi.
org/10.1111/2041- 210X.13328

Venables, W., & Ripley, B. (2002). Modern applied statistics with S (4th 
ed.). Springer.

Wackernagel, H. (2013). Multivariate geostatistics: An introduction with 
applications (3rd ed.). Springer.

Watanabe, A. (2018). How many landmarks are enough to charac-
terize shape and size variation? PLoS One, 13, 1– 18. https://doi.
org/10.1371/journ al.pone.0198341

Weller, H. I., & Westneat, M. W. (2019). Quantitative color profil-
ing of digital images with earth mover's distance using the R 
package colordistance. PeerJ, 7, e6398. https://doi.org/10.7717/
peerj.6398

Willing, E. M., Bentzen, P., Van Oosterhout, C., Hoffmann, M., Cable, J., 
Breden, F., Weigel, D., & Dreyer, C. (2010). Genome- wide single nu-
cleotide polymorphisms reveal population history and adaptive di-
vergence in wild guppies. Molecular Ecology, 19, 968– 984. https://doi.
org/10.1111/j.1365- 294X.2010.04528.x

Winge, Ö. (1927). The location of eighteen genes in Lebistes reticula-
tus. Journal of Genetics, 18, 1– 43. https://doi.org/10.1007/BF030 
52599

Wright, A. E., Darolti, I., Bloch, N. I., Oostra, V., Sandkam, B., Buechel, S. 
D., Kolm, N., Breden, F., Vicoso, B., & Mank, J. E. (2017). Convergent 
recombination suppression suggests role of sexual selection in 
guppy sex chromosome formation. Nature Communications, 8, 14251. 
https://doi.org/10.1038/ncomm s14251

Zajitschek, S. R. K., & Brooks, R. C. (2008). Distinguishing the effects 
of familiarity, relatedness, and color pattern rarity on attractiveness 
and measuring their effects on sexual selection in guppies (Poecilia 
reticulata). The American Naturalist, 172, 843– 854.

Zajitschek, S. R. K., Evans, J. P., & Brooks, R. C. (2006). Independent ef-
fects of familiarity and mating preferences for ornamental traits on 
mating decisions in guppies. Behavioral Ecology, 17, 911– 916. https://
doi.org/10.1093/behec o/arl026

Zuk, M., & Decruyenaere, J. (1994). Measuring individual variation in co-
lour: A comparison of two techniques. Biological Journal of the Linnean 
Society, 53, 165– 173. https://doi.org/10.1006/bijl.1994.1066

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Valvo, J. J., Aponte, J. D., Daniel, M. J., 
Dwinell, K., Rodd, H., Houle, D., & Hughes, K. A. (2021). Using 
Delaunay triangulation to sample whole- specimen color from 
digital images. Ecology and Evolution, 11, 12468– 12484. https://
doi.org/10.1002/ece3.7992

https://doi.org/10.1002/mrd.22489
https://doi.org/10.1002/mrd.22489
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1111/j.1469-7998.1971.tb02188.x
https://doi.org/10.1111/j.1469-7998.1971.tb02188.x
https://doi.org/10.1038/380240a0
https://doi.org/10.1016/j.cortex.2019.04.010
https://doi.org/10.1038/ncomms5117
https://doi.org/10.1111/j.1558-5646.2011.01262.x
https://doi.org/10.1038/hdy.2009.7
https://doi.org/10.1111/j.0014-3820.2001.tb01321.x
https://doi.org/10.1111/j.0014-3820.2001.tb01321.x
https://doi.org/10.1086/280543
https://doi.org/10.1111/j.1365-2435.2012.01980.x
https://doi.org/10.1111/j.1365-2435.2012.01980.x
https://doi.org/10.1111/2041-210X.12439
https://doi.org/10.1093/beheco/arz134
https://doi.org/10.1093/beheco/arz134
https://doi.org/10.1111/2041-210X.12853
https://doi.org/10.1111/2041-210X.13328
https://doi.org/10.1111/2041-210X.13328
https://doi.org/10.1371/journal.pone.0198341
https://doi.org/10.1371/journal.pone.0198341
https://doi.org/10.7717/peerj.6398
https://doi.org/10.7717/peerj.6398
https://doi.org/10.1111/j.1365-294X.2010.04528.x
https://doi.org/10.1111/j.1365-294X.2010.04528.x
https://doi.org/10.1007/BF03052599
https://doi.org/10.1007/BF03052599
https://doi.org/10.1038/ncomms14251
https://doi.org/10.1093/beheco/arl026
https://doi.org/10.1093/beheco/arl026
https://doi.org/10.1006/bijl.1994.1066
https://doi.org/10.1002/ece3.7992
https://doi.org/10.1002/ece3.7992

