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ABSTRACT 

Examining the phenotypic variation observed within a species is an opportunity to understand 

the evolutionary stability and potential evolutionary trajectories of the species. Feather coloration 

in many birds is produced by complex biochemical networks that modify ingested, dietary 

carotenoids to produce colorful carotenoids deposited into feathers. Within-species color 

variation can be caused by variation in either the structure of this network or the flux through it. 

Here we tested the contribution of structural properties of biochemical networks to variation 

across individuals from 21 populations of house finches (Haemorphous mexicanus) in recently 

established populations in Montana and ancestral populations in Arizona. With the largest 

carotenoid networks of any studied species, the house finch provides an ideal system to address 

how population-specific utilization of biochemical networks contributes to population 

divergence in coloration. Using high performance liquid chromatography, we extracted and 

identified the carotenoid compounds from over 3,000 feather samples representing 1,000 

individuals. We analyzed the relationship between the presence of different compounds across 

populations and their topological positions within the network. We then tested whether 

populations diverge along the same or different pathways within the network. We found that 

derived carotenoids contributed more to population divergence compared to dietary carotenoids, 

suggesting that evolution of biochemical synthesis accompanied recent population divergence in 

ecologically distinct locations. 
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INTRODUCTION 

Members of a species are rarely uniform in their appearance. Differences between individuals 

can be in overall appearance, such as color (Torres-Dowdall et al. 2014), ranges in size (Sutter et 

al. 2007), or morphological features (West-Eberhard 2005) or are more subtle such as slight 

variations among genes and proteins (Kumar and Singh 2016). These polymorphisms can be 

expressed both within and among populations of the same species (West-Eberhard 2005), and 

differences in traits can be caused by a variety of factors including differences in genetic makeup 

or by differences in environments (Badyaev 2011). Polymorphisms and polyphenisms are the 

raw material for evolution (Huxley 1955), and their presence allows for opportunities of 

divergence and speciation through the process of natural selection (Huxley 1955, Badyaev 2009). 

Phenotypic variations provide targets of selection within a species (West-Eberhard 2005) driving 

the adaptive diversification of that species (Badyaev 2011, Huxley 1955). Determining the exact 

targets of selection can lead to important insights into the trajectory of evolution and the types of 

selecting agents at work in a species. 

Selection on phenotypic variation can come from a variety of sources, including sexual 

preference (Hosken and House 2011), the heritability of variation (Fisher 1930), and pressures 

from the environment (Olof Leimar 2005). Of these sources, the selective effects of the ecology 

of an organism’s range and the sequence in which populations are established are good indicators 

of how selection is acting, as they can be empirically measured for a species. Factors such as 

space and resource availability can greatly affect the expression of traits and trait related 

behaviors (Kisdi 2016), with less availability leading to less long term variation or in decreased 

expression of traits. This effect is seen in traits that would normally be under sexual selection 

such as size or morphological features, as seen in animals like the red deer that use antler 
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displays to attract mates (Mysterud et al. 2005). In other cases, the sequence of population 

establishment may be a greater influence on how traits are selected. In these cases, the paternal 

generation of a species influences the range of features that may be expressed in the subsequent 

generation, a process that continues as offspring disperse and continue to generate new offspring 

(Miao, Bazzaz, and Primack 1991, Jablonka et al. 1995).  

A well-studied example of a polymorphism is feather coloration in birds. For many bird 

species, carotenoids provide bright colors, particularly in red, yellow, and orange pigmentations 

(Hill and McGraw 2006).  This coloration is produced physiologically through the use of a 

deterministic network composed of biochemical reactions that modify carotenoid compounds 

before depositing them in the feather matrix (Badyaev et al. 2015). Birds utilize this network by 

first gaining carotenoids from their diet (Inouye et al. 2001) and modify them through a range of 

enzymatic reactions to produce a variety of different plumage colors (Badyaev et al. 2015). Other 

than the initial dietary access point, the network itself can be modified in several ways to 

produce the range of feather coloration seen across both species and individuals. These changes 

can be classified as either structural (that is, differences in the reactions used in the network) or 

dynamic (differences in the concentrations of carotenoids associated with these reactions) in 

nature (Morrison and Badyaev 2016), and selection on these properties has produced different 

networks across bird species (Badyaev et al. 2015). But what can drive such changes of network 

use? Here we examine how the structural properties of the biochemical network in the house 

finch are undergoing selection by examining how different populations of the species access and 

use the network to produce colorful pigments. 
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The House Finch System 

The house finch (Haemorphous mexicanus), a small passerine bird of the Fringillidae family, is 

distributed widely across North America (Badyaev, Belloni, and Hill 2012). The house finch’s 

original range was limited to the south-western United States, but in the last few decades it has 

greatly expanded both northward along the Rocky Mountains into Montana and to the east from 

a small population introduced in New York (Badyaev et al. 2000, Badyaev, Belloni, and Hill 

2012). Population establishment within Montana began in the 1960s and has led to numerous 

groups of house finches across the state. Due to this recent establishment, the timing and order of 

dispersal is well documented (Badyaev et al. 2000).  While females often lack ornamentation, 

males of the species display bright patches of color on their breast, rump, and crest feathers that 

are obtained from ingested carotenoids (Badyaev, Belloni, and Hill 2012). These dietary 

carotenoids are metabolized, modified through enzymatic pathways, and then deposited within 

the feather matrix to produce colors ranging from light yellow to bright red (Hill, Inouye, and 

Montgomerie 2002). The network utilized by the house finch has been well studied and 

documented, and is among the largest coloration networks of all bird species (Inouye et al. 2001, 

Badyaev et al. 2015). The range of color phenotypes displayed by the house finch suggests that 

this standard network is being utilized in different ways both across individuals and populations, 

providing a basis for exploring the question of what drives changes in a network. This 

established nature of the network and the well-documented history of species dispersal make the 

house finch an ideal system with which to test these changes in network use. 

 In this study, male house finches were sampled from a total of 21 populations across 

Arizona (the species’s ancestral range) and Montana (the newly established range) (Figure 1). 

Carotenoids were extracted from the feathers of the sampled birds. These carotenoids were 
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identified as being dietary or derived within the network, and were used to pinpoint locations of 

population variation. I also analyzed the difference in population ages from a subset of 

populations across Montana with respect to changes in both the expressed dietary and derived 

compounds. With the historical pattern of dispersal in mind, if use of the network is evolving 

then differences in network use will be reflected in the expressed compounds across populations. 

This could present itself in several ways. First, the differences in ecology across populations may 

be driving differences in networks. In this scenario, changes in the network would be driven by 

differences in input (dietary) carotenoids and variation in the network among populations would 

be observed primarily at these starting positions (Figure 2A). Second, differences in the network 

may be driven by the internal, metabolic machinery the finches use to produce coloration, due to 

differences in enzymatic reactions individuals are using in different populations. This could be 

caused by differences in the genes encoding the enzymes in this network (Beatty et al. 2016) or 

as a result of variation in enzyme regulation across populations (Morrison and Badyaev 2016). 

This would be indicated by differences in the final products within the network (derived 

compounds), and variation would increase further along metabolic pathways (Figure 2B). 

Finally, changes in the network could be driven by a combination of both ecological and 

metabolic factors across populations. Differences in both dietary and derived compounds would 

indicate this mixed effect, and variation would be consistent for all populations at all compound 

positions within the network (Figure 2C). The results from this study not only clarify the 

dynamics of network change within the species, but also contribute to the understanding of 

evolutionary dynamics of avian coloration networks across species. Observations on network 

differentiation allow for direct inferences about the nature of network evolution and provide 

valuable information on the trajectory of carotenoid coloration across all birds.  
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METHODS 

Feather Collection 

Free-living male house finches (Haemorphous mexicanus) were sampled from three locations in 

Arizona from 2002 to 2015. House finches were also collected from 18 recently established 

Montana populations from 2004-2015 (Fig. 1). Individuals were captured, banded, and 

photographed before feather samples were taken. Samples were taken from the crown, breast, 

and rump of each bird with 5-7 feathers being taken from each ornaments. Ornaments were 

analyzed separately in this study, with a total of 2,979 ornaments used.  

 

Carotenoid Extraction and Identification 

Feather carotenoids were extracted using high-performance liquid chromatography (HPLC). 

Feathers were classified into the three ornaments, breast, crown, and rump, and processed 

separately. Feathers were trimmed, and the weighed pigmented portions were washed in hexane 

using Whatman GF/A glass filters and finely ground in 3mL methanol for 10 min at 20Hz using 

a Retsch MM301 mixer mill (Newtown, PA), equipped with ZrO grinding jars and balls. 

Carotenoids were extracted using a 0.2µm filter (GHP Arcodisc 13mm Minispike; Pall Life 

Sciences, East Hills, NY), and the filtrate was evaporated to dryness under vacuum at 40C and 

reconstituted in 150µL of HPLC mobile phase (methanol:acetonitrile 50:50, v/v). 

Carotenoids were quantified by injecting 50µL of pigment extract into an HPLC System 

(Shimadzu Corporation, Pleasanton, CA) fitted with a YMC Carotenoid 5.0µm column 

(250x4.6mm) and guard column (YMC America, Allentown, PA). Analytes were eluted at a 

constant flow rate of 1.1mL/min using isocratic elution with 42:42:16 (v/v/v) 

methanol:acetonitrile:dichloromethane for the first 11 min, followed by linear gradient up to 
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42:23:35 (v/v/v) methanol:acetonitrile:dichloromethane through 21 min, isocratic elution at this 

condition until 30 min when it returned with step function to the initial isocratic condition at 

which it was held through 40 min. Carotenoids were detected using a Shimadzu SPD-M10AVP 

photodiode array detector, and data were collected from 200 to 800nm. Peak areas were 

integrated at 450 or 470nm depending on the absorbance maximum (λ max) for each compound. 

Peaks were identified by comparison with the retention times of standard carotenoid compounds 

(Sigma-Aldrich, St. Louis, MO; Indofine Chemical, Hillsborough, NJ; CaroteNature, 

Ostermundigen, Switzerland; Santa Cruz Biotechnology, Dallas, TX) and the concentrations of 

compounds (µg/g) were calculated using calibration curves of these standards. 

 

Data Analysis 

Carotenoids extracted from house finch feathers were classified as either dietary or derived based 

on the global avian carotenoid metabolic network (Badyaev et al 2015). The number of reactions 

a compound was located away from the closest dietary compound was determined based on its 

position in the global carotenoid metabolic network. The total number of all carotenoid 

compounds for each individual ornament was recorded and an ANOVA was performed using 

SAS 9.4 (SAS Institute, Cary, NC) to determine the significance of variation in carotenoid use 

across populations. The standard deviation of the fraction of individuals in each population with 

a compound was calculated for each compound identified in house finch feathers to assess the 

variability of different compounds among populations. Partial standardized regressions were 

conducted in SAS 9.4 between average metabolic distance (the average of the fraction of 

expressed compounds that differ between populations) and the average difference in both dietary 

and derived compounds between each population. Lastly, average differences in both dietary and 
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derived compounds were correlated with the differences in population ages for a select number 

of populations for which population establishment dates were known (n=15). 

 

RESULTS 

Carotenoid Classification 

Of the 19 isolated compounds, seven were dietary (lutein, zeaxanthin, β-cryptoxanthin, α-

carotene, β-carotene, gazaniaxanthin, and rubixanthin) and twelve were derived (canthaxanthin, 

3’-dehydrolutein, astaxanthin, adonixanthin, adonirubin, canary xanthophyll A, canary 

xanthophyll B, α-doradexanthin, 3’-hydroxy-echinone, echinone, β-isocrypoxanthin, and oxo-

rubixanthin). These carotenoids were present in different percentages across populations, and 

occurred at least once within the feathers sampled (Figure 3). 

 

Carotenoid Expression 

The number of compounds expressed in individual feather ornaments differed within and 

between populations (Figure 4; ANOVA: n = 2967, F = 21.41, P < 0.0001). There was no 

correlation between the pathway position of a compound and the variance in the proportion of 

individuals in a population with the compound (Figure 5; ρ = -0.220, P = 0.365). The average 

metabolic distance between all individual feather samples of two populations was not related to 

the difference in the number of dietary compounds between two populations (Figure 6A; bST = 

0.104, t = 1.43, P = 0.1553, n = 210), but was positively correlated with the average difference in 

the number of derived (non-dietary) compounds between two populations (Figure 6B; bST = 

0.160, t = 2.19, P = 0.0294, n = 210). Differences in the establishment time (age) between two 
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populations was not correlated with the average difference in the number of dietary compounds 

between the two populations (Figure 7A; spearman rank correlation, ρ = -0.071, P= 0.800, n=15), 

but was positively correlated with the average difference in the number of derived compounds 

between the two populations (Figure 7B; ρ = 0.601, P = 0.018, n = 15).  

 

DISCUSSION 

Determining where variation occurs within the enzymatic network of bird coloration is essential 

to understanding what gives rise to differences in expressed carotenoids among and within 

populations. Using the house finch network provided an ideal system to determine sources of 

variation, along with a range of populations from which to compare. Analysis of carotenoid 

compounds across the 21 populations of house finches revealed surprising insights about the 

changes in the network both within and between populations, and allowed for insight into what 

may be driving these observed differences in individuals.  

 Variation in the number of carotenoids expressed by individuals both within and among 

populations was significant (Figure 4), which confirms that the enzymatic network is being used 

differently both within populations and across populations. Certain compounds at all three 

positions within the network (dietary, one reaction away, and two reactions away) differed across 

the study populations, while other compounds across all positions remained consistent in 

expression. This indicates that the position within the network itself does not drive network 

diversification.  

The study further revealed that populations diverged more in derived compounds, 

supporting the hypothesis that metabolic differences influence differences in network use (Figure 

2B). Differences in the number of derived carotenoids contributed to the metabolic distance 
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between populations, while differences in the number of dietary carotenoids did not. This 

indicates that the input compounds into the network are not as important for network 

diversification as the pathways used to produce derived compounds. Since this effect was seen to 

increase with the increase in age between populations, network diversification appears to be a 

function of sequential inheritance of the network itself. These observations may be explained by 

the evolution of the network. 

 Mechanisms of network use may be changing in response to new environments over 

time. When new populations of house finches are established, they face new ecological 

conditions. This is reflected by the extreme range that house finches occupy, from arid desert 

conditions in Arizona to the cooler plains of Montana (Badyaev, Belloni, and Hill 2012). These 

new ecologies could affect the carotenoid metabolism of house finches, resulting in changes in 

expressed derived compounds. Although finches have different diets across populations and in 

different environments, different dietary carotenoids do not overly affect network use. The 

enzymatic reactions within the network are more important in driving differences in network 

expression and contribute the most to differences among individuals, and these pathways may be 

affected by new environments. 

 The changes observed in the network may also be due to patterns of house finch 

dispersal. When populations grow to carrying capacity, factions of the population split and 

migrate to new locations (Rousset 2000). As is the case in the observed Montana house finches, 

these groups may lead to the establishment of new populations. The changes of the metabolic 

network across populations may be a reflection of this pattern of population establishment. As 

groups become too large, certain individuals from the populations leave as a group. Individuals 

that branch off as a unit are likely to be similar in either behavior, genetic characteristics, or both 
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(Rousset 2000). Within groups of birds, this similarity could be explained by similar use of the 

coloration network. When such a group breaks off, it can be considered unique in their use of the 

network in relation to how the network was used in the previous population. Once a group 

establishes a new population, the carotenoid expression in the new population would reflect a 

new network.  

 The identification of positions in the network from which the greatest population 

divergence occurs allows for new approaches to be made into the causes of network differences, 

specifically in relation to historical association among these populations and their local habitats. 

Future studies should focus on the specific carotenoids that contribute the most to population 

divergence to determine the mechanism behind their rapid divergences. Derived compounds 

contributed more to population divergence in the network, but variation among dietary 

compounds suggests that there are other factors affecting network use than the indicated 

metabolic differences. To best determine the nature of these other factors, other properties of the 

network should be considered in future work such as the concentration of dietary compounds and 

changes in compound concentration throughout the network. These properties would indicate the 

function of specific pathways in the network and would not look at only the expressed elements 

produced from network use. In addition to the differences in population ages, information on the 

change in environmental factors across population establishment may also reveal how ecological 

elements may influence carotenoid metabolism and expression. Using the information gained 

from this study that derived compounds are instrumental in network differentiation, further 

mechanisms of network diversification can be studied.  
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Figure 1. Feathers were sampled from 1,000 birds from three Arizona populations and 18 

Montana populations that represent the southern and northern boundaries of the species’ range. 

The historical establishment of certain populations in Montana are known, which allowed for an 

age-based analysis.  
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Figure 2.  Both ecological and metabolic factors influence network use.  A) Birds in different 

populations can consume different dietary compounds, but produce the same derived compounds 

at the end of enzymatic pathways. In this case, the fraction of expressed compounds that differ 

between populations (metabolic distance) will be greater as populations differ more in the 

number of dietary compounds they consume.  B) The populations can have similar dietary 

compounds, but use different metabolic pathways associated with these initial compounds. Thus, 

the metabolic distance between populations will be due to differences in the number of derived 

compounds they express. C) Populations differ in both dietary compounds and metabolic 

pathways.  

A. Ecological Differences 

C. Ecological and Metabolic Differences 

B. Metabolic Differences 
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Figure 3. The house finch metabolic network consists of 24 compounds connected by 46 

enzymatic reactions. Of these 24 compounds, 19 are expressed in the feathers of house finches 

(shown here in red and green). Dietary compounds can only be acquired externally, expressed 

compounds have been identified in house finch plumage, and intermediate compounds are not 

expressed but are required in metabolic pathways to modify one compound to another.   

 

 

  

Enzymatic Reaction 

Dietary Compound 

Intermediate Compound 

Expressed Compound 
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Figure 4. Populations noticeably differed in the number of expressed carotenoids. Circles are the 

number of carotenoid compounds expressed by individuals. The median number of compounds 

expressed in a population is represented by the line in each box. The minimum and maximum 

boundaries of a box represent the 10th and 90th percentiles and the lower and upper whiskers 

represent the 5th and 95th percentiles of the number of compounds individuals express in each 

population.  
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Figure 5. Differences (standard deviation) in the fractions of individuals across populations with 

expressed compounds can occur at compounds located in any pathway position (number or 

reactions away from the dietary starting point). In each pathway position, certain compounds are 

found in the same fraction of individuals within a population across all populations while the 

fraction of individuals within a population with a compound varies across populations for other 

compounds. 
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Figure 6. Recently established populations differ more in derived carotenoid compounds. 

Differences in the number of dietary compounds between the networks of two populations (A) 

contributed less to the fraction of expressed compounds that differ between the networks 

(metabolic distance) than did differences in the number of derived compounds (B).   
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Figure 7. In a subset of populations of known age, the amount of time separating populations 

correlates with the difference in derived compounds (A) and not in (B) dietary compounds.  
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