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Abstract. Connecting adaptive phenotypic variation to both its genetic and ecological bases is one of the central goals of evolutionary biology. Birds, due to their ease of study and solid base of existing knowledge, present an ideal clade in which to advance that goal. Bird color traits in particular have a long tradition of being at the forefront of conceptual advances in evolutionary biology. Combined with recent dramatic increases in our ability to generate and analyze large phenotypic, environmental and genetic datasets, this means currently we are in a better position than ever to connect the environment-phenotype and phenotype-genotype links for specific color traits in birds, illuminating evolutionary patterns and processes generalizable to other traits and clades. I review selected recent advances in that arena, highlighting the most successful approaches, and seeking to illuminate the research avenues most likely to be fruitful in the near future. At a macroevolutionary level, I discuss how correlative models have improved our understanding of Gloger’s rule, a classic ecological principle. But mechanistic, biologically-inspired models such as BM, OU and their extensions are better suited to quantitatively compare and assess evolutionary hypotheses, and have revealed important differences in the mode and tempo of color evolution across clades, sexes and body regions. At a microevolutionary scale, I describe how study systems with ongoing gene flow along environmental gradients, such as hybrid zones, are particularly conducive to address both the genetics and ecology of phenotypic evolution. I weigh the strengths and weaknesses of the two major approaches to detecting the genomic loci underpinning phenotypic variation in such systems: divergence scans and genome-wide association studies. Finally, I conclude by pointing out the importance of synthetic approaches that include environment, phenotype and genotype within the same framework, and I suggest ideas for developments in that direction.


Most biologists agree that natural selection is the chief process responsible for generating phenotypic diversity. Natural selection acts by altering allele frequencies in the genotypes that underlie phenotypic traits, and it arises from individual organisms’ ecological interactions with their abiotic environment and with con- or allospecific individuals. This environment-phenotype-genotype (EPG) nexus is at the core of evolutionary biology, but characterizing in detail both the environment-phenotype and the phenotype-genotype links for specific phenotypes has remained challenging (Crawford and Nielsen 2013; Campagna et al. 2017; Phifer-Rixey et al. 2018; Barrett et al. 2019). That is perhaps because the former link has historically mostly been the purview of ecologists, whereas the latter has been the purview of molecular biologists working on model organisms (Mayr 1982). But recent years have witnessed greater synergy between the two fields, leading to important progress in completing the EPG nexus for a small number of phenotypes in nonmodel animals (e.g., Rosenblum 2006; Leinonen et al. 2011; Kronforst and Papa 2015; Natarajan et al. 2016; Bendesky et al. 2017; Barrett et al. 2019; Cramer et al. 2022).
Because most birds are diurnal, visual, and conspicuous animals, they have long been a preferred clade for evolutionary studies (Mayr 1984; Marcondes 2022). Bird color phenotypes are under natural selection for multiple ecological functions, including, but not limited to, crypsis, thermoregulation and parasite deterrence. Bird colors thus make up an excellent forum in which to assess the balance between various potentially confounded and opposite evolutionary forces. For this reason, bird colors have long been at the forefront of some of the most important discussions and advances in evolutionary biology (e.g., Darwin 1871; Wallace 1889, 1891). 
Today, practical and technological circumstances make bird colors a more promising horizon than ever in which to strengthen our understanding of the links in the EPG nexus. First, ornithological collections in museums worldwide house tremendous collections of study skins that represent the vast majority of bird species, often also with extensive spatial coverage (despite important taxonomic and geographical gaps; Joseph 2011). In contrast to the preferred specimen preparation for some other animal clades, for example fishes, amphibians and reptiles preserved in ethanol, the bird study skin preserves most color phenotypes almost in perpetuity, with only slow fading over time (Armenta, Dunn, and Whittingham 2008). Second, recent advances have vastly improved our ability to efficiently generate and analyze large datasets. This includes color data itself and also the molecular data needed to elucidate the phenotype-genotype link and environmental data needed for the environment-phenotype link. For example, new tools now allow unprecedented joint quantitative analysis of color and pattern based on digital photography, while taking into account visual ecology and physiology (van den Berg et al. 2020; Maia, Gruson, and Endler, 2019.; Mason and Bowie 2020; Weller et al. 2022); it is now even possible to extract reliable and repeatable color data from unstandardized photographs of free-living animals taken with unspecialized cameras by community scientists (Laitly et al. 2021). High-resolution climate (Karger et al. 2017) and land-cover (e.g., Hansen et al. 2000; Balzotti et al. 2010) data for most of the globe are also available that allow us to correlate bird colors to the environments they inhabit at multiple spatial and taxonomic scales. Finally, in a development unthinkable only one or two decades ago, sequencing of whole genomes for large numbers of bird individuals at moderate sequencing depths is becoming commonplace in evolutionary and ecological genetics (e.g., Campagna et al. 2017; Cloutier et al. 2019; Toews et al. 2016; Walsh et al. 2019; Bortoluzzi et al. 2020; Ottenburghs et al. 2020).
 Here, my goal is to give a brief overview of selected recent advances made in describing the environment-phenotype and the phenotype-genotype links for bird color traits, to suggest ways forward to integrate progress on those two fronts, and to point out how bird color studies can serve as a reference for studies of other traits and taxa. I will not consider ornamental color phenotypes presumably driven by sexual and social selection, limiting my scope to the action of natural selection. I acknowledge that the conceptual boundaries between natural and social selection can be fuzzy (Tobias, Montgomerie, and Lyon 2012), but in general the ecological bases of social selection (which is imposed by close-range interactions with conspecifics) are very different from the ecological bases of natural selection (imposed by interaction with conspecifics, allospecifics and the abiotic environment), making it difficult to integrate progress on characterizing the environment-phenotype link for the two types of selection. On the other hand, my discussions of the phenotype-genotype link should be equally applicable to socially- as to naturally-selected color traits. 

The environment-phenotype link
Adaptation is expected to generate a tight correlation between phenotypic and environmental variation (Schluter 2000; Endler and Houde 1995; Rose and Lauder 1996). Although other evolutionary processes, such as isolation-by-distance, can also generate that correlation (e.g., Seeholzer and Brumfield 2018), identifying it is an important first step in establishing the adaptive basis of any trait (Schluter 2000; Endler and Houde 1995; Rose and Lauder 1996; Rellstab et al. 2015). For bird colors, research of that kind has been intense in recent years at a macroevolutionary scale. Given the availability of large molecular phylogenies with matched plumage color datasets, these studies are, from a technical standpoint, relatively straightforward to conduct and can reveal general patterns of trait-environment correlations within a clade. Moreover, comparing results across clades, these studies can reveal whether different bird clades respond to environmental variation in similar ways.
For example, recent studies have sought to test Gloger’s rule, a classic principle predicting that birds tend to be darker in rainier and warmer climates (Rensch 1929; Delhey 2017, 2019). These studies have consistently supported a correlation between darker birds and rainier climates but not between darker birds and warmer climates; instead, they have found that birds tend to be darker in cooler climates (Delhey 2018, 2019; Galván, Rodríguez‐Martínez, and Carrascal 2018; Miller et al. 2019; Dufour et al. 2020; Marcondes et al. 2021).  In comparative biology, the results and conclusions we obtain depend on the clade and scale at which we choose to conduct our studies (Beaulieu and O’Meara 2019; Stoddard et al. 2019; Miller, Mesnick, and Wiens 2021). Therefore, the fact that similar findings about Gloger’s rule were obtained across studies on different bird clades strongly buttresses their generality. The adaptive basis of Gloger’s rule is still not completely clear, but these results suggest an emerging consensus that precipitation and temperature have separate but complementary effects on bird color, the former probably related to parasite deterrence and the latter to thermoregulation (Marcondes et al. 2021).
The aforementioned studies on Gloger’s rule employed various types of linear models which, while controlling for phylogenetic relatedness among taxa, are essentially correlational and do not inform about the potential evolutionary and ecological processes at play. Macroevolutionary studies have even more potential to illuminate the ecological bases of color traits when they leverage biologically-inspired, mechanistic models of trait evolution. For example, Marcondes and Brumfield (2019) used a suite of Ornstein-Uhlenbeck (OU) models to investigate color evolution in the Furnariida, a large passerine clade with diverse habitat preferences and contrasting patterns of sexual dichromatism. OU models are explicitly meant to model adaptive or constrained evolution (Hansen 1997; Butler and King 2004; O’Meara and Beaulieu 2014). They include a parameter (alpha) representing the strength of the adaptive pull or constraint to an optimum trait value, and a parameter (sigma-square) representing the strength of free, non-directional evolution in trait space. This allowed Marcondes and Brumfield (2019), interpreting parameter estimates, to gain the important insight that, in the Furnariida, the ventral and dorsal plumages have similar rates of evolution towards an optimum (alpha), but that the ventral plumage is subject to a higher rate of stochastic change (sigma-square). This suggests that the colors of each body surface evolve under different evolutionary processes. Similar approaches were successfully employed by Friedman and Remeš (2015), who found more rapid color evolution in male than female fairy-wrens, and by Merwin, Seeholzer, and Smith (2020), who found that disparate models and rates characterize color evolution across lorikeet plumage patches.
In contrast to the large body of recent work connecting bird color phenotypes to environment at a phylogenetic, interspecific level, we have made less advances at the intraspecific level. Among the few studies that have been conducted, many have sought - again - to investigate the predictions of Gloger’s rule. Typically, they have used linear models to test for correlations between color data from museum specimens and matched climatic data from their collection localities, but they vary in the geographical scale and structure of their sampling. Two basic sampling strategies can be discerned: First, sampling as widely as possible within the entire range of the species under investigation or, second, sampling along relatively restricted regions or transects representing a subset of the species’ range where climatic and/or plumage color variation is particularly pronounced.
The first, or global, strategy has the advantage of permitting very large sample sizes. Sampling across a species' entire range is also inherently interesting if our goal as scientists is to obtain conclusions that are as general as possible. Romano et al. (2019) scored color patterns from 9,110 Barn Owl (Tyto sp.) specimens covering the almost worldwide distribution of this complex of closely related species, and downloaded climatic data for each collection locality from the WorldClim database (Fick and Hijmans 2017). Next, they fitted various models with latitude, rainfall or precipitation as predictors and plumage lightness or average size of black spots as response variables. Consistent with Gloger's rule, Romano et al. (2019) found that Barn Owls worldwide tend to be darker in areas with more rainfall. A downside of the global approach is that it does not allow us to discern whether environmental pressures on a trait differ across a species’ distribution.
The second strategy, sampling along one or more predetermined geographical transects, gives us a better ability to isolate the influence of particular environmental gradients on a phenotype, at the expense of the generality of sampling over an entire species’ range. This approach is particularly powerful when, as is often the case, the environmental gradient coincides with a hybrid zone or cline between partially reproductively isolated populations. A correlation between phenotype and environment along hybrid zones, and stability of the alternative phenotypes at extremes of the gradient, strongly suggests an adaptive relationship between phenotype and environment (Endler 1977; Harrison 1993; Price 2008). If the gradient is such that only one or a few tightly connected environmental factors vary, that lends confidence to a claim that that particular factor is the selective force acting on the clinal color trait, although ultimately the only way to establish that with certainty remains experimental manipulation. For example, two Song Sparrow subspecies, Melospiza melodia heermani, a dark gray and black bird distributed mainly in the Pacific coast, and M. m. fallax, a rufous and light gray bird of the Sonoran desert, hybridize along a steep precipitation and vegetational gradient in Southern California (Patten, Rotenberry, and Zuk 2004). Patten, Rotenberry, and Zuk (2004) and Patten and Pruett (2009) visually assessed plumage color variation in those two populations and their hybrids and qualitatively showed a - presumably adaptive - correlation between color variation and environmental variation in line with Gloger’s rule. Similarly, but with a larger sample size and quantitative color data, Marcondes, Stryjewski, and Brumfield (2020) showed a tight correlation between plumage color and climate along an environmental gradient in Bolivia where multiple subspecies of the Variable Antshrike (Thamnophilus caerulescens) hybridize.
A rich modeling framework for hybrid zones exists that allows us to estimate such biological parameters as cline width, cline center, and strength of selection on phenotypic traits where two partially reproductively isolated populations interbreed (Haldane 1948; Barton and Hewitt 1985; Harrison 1993; Derryberry et al. 2014). This framework has been extensively used with plumage color traits under sexual selection (e.g., Baldassarre et al. 2014), but to the best of my knowledge it has not been used to address adaptive hypotheses of plumage color variation in relation to environmental gradients. This approach would be well-suited to enhance our understanding of the environment-phenotype link in birds. To design such studies, investigators should bear in mind that hybrid zone models take as input only the mean and variance of trait values for each locality along the gradient (Derryberry et al. 2014), so it may be more important to maximize the number of localities sampled rather than the number of individuals sampled in each locality. Such a distribution of specimens is unlikely to already be available in the world’s bird collections for any given bird species along a relevant environmental gradient, so such studies will require intensive, focused and well-planned collecting efforts.
Beyond demonstrating a correlation between environmental and color variation, to further strengthen claims of an adaptive basis in the environment-phenotype link, we can compare color and environmental variation within a species to that in putatively neutral genetic loci. If trait variation is adaptive, we expect it to be better predicted by the environment than by variation in neutral loci. Núñez-Zapata et al. (2018) sought to distinguish between local adaptation and historical isolation as causes of plumage color variation in the White-throated thrush (Turdus assimilis). This species is widely-distributed in Mexico and Central America; it has a predominantly brown dorsum east of the Isthmus of Tehuantepec and gray west of it. This pattern is suggestive of historical isolation, because the Isthmus of Tehuantepec is known to have played a role as a barrier for other bird species; but it is also consistent with local adaptation, because climate east of the isthmus tends to be much wetter than west of it (Nuñez-Zapata et al. 2018). Nuñez-Zapata et al. (2018) used Mantel tests to compare distance matrices of plumage color, mitochondrial nucleotide sequences, and environmental distances. They found that genetic distances were a better predictor of color distances than environmental distances, thus supporting the historical isolation hypothesis. Another important feature of this study design is that the use of environmental distance matrices and Mantel tests does not require a priori selection of a small number of environmental variables. It thus may be well suited for when researchers want to avoid making assumptions about the specific environmental variables that may be related to plumage color. This is in contrast to tests of Gloger’s rule, where typically we specifically select temperature and precipitation (e. g., Marcondes et al. 2020). 

The phenotype-genotype link
Most recent progress on characterizing the phenotype-genotype link for avian color traits has been made at a microevolutionary scale, looking at a variation within a species or between closely-related species. We have learned much from the so-called “candidate gene approach” (Nachman 2005; Fitzpatrick et al. 2005; Mundy 2005), whereby loci are selected for investigation due to their previously known association with color in other taxa, typically model organisms. For example, the melanocortin-1 receptor gene (MC1R) was first reported to be involved in melanin deposition in lab mice (Robbins et al. 1993) and in chickens (Takeuchi et al. 1996). This gene was then picked up on as a candidate for color variation in wild birds. Subsequent studies amplified and sequenced MC1R with Sanger technology and confirmed its role in intraspecific plumage color variation in such disparate bird species as Bananaquits (Coereba flaveola, Theron et al. 2001), Arctic Skuas (Stercorarius parasiticus, Mundy et al. 2004), Snow Geese (Anser caerulescens, Mundy et al. 2004), Brown Boobies (Sula leucogaster, Baião and Parker 2012) and Red-footed Boobies (Sula sula, Baião et al. 2012).
A major question in evolutionary genetics is whether similar patterns of phenotypic variation in different species are underlain by the same or different loci (Hu et al. 2019; Mundy 2005; Jones et al. 2012; Yeaman et al. 2018; Zhang, Suren, and Holliday 2019). Do MC1R results support an affirmative answer to that question? Before saying so, we must carefully consider ascertainment bias, an inherent weakness of the candidate gene approach (Mundy 2005; Roulin and Ducrest 2013). MC1R was not chosen for study from a sample of loci all equally likely to underlie plumage color variation. Rather, it was selected for sequencing in those studies because it was a priori expected to be associated with color variation. Such ascertainment bias is likely also compounded by publication bias: positive results supporting the role of a candidate locus in a trait of interest may be more likely to be published than negative results (though a few published negative results do exist, e.g. Cheviron, Hackett, and Brumfield 2006; Corso et al. 2013).
The use of next-generation sequencing, allowing us to simultaneously interrogate essentially the whole genome across many individuals of a given study species, overcomes the issue of ascertainment bias, while also bringing its own challenges. Today, with moderate depth whole-genome resequencing, it is feasible to discover and genotype millions of genome-wide single-nucleotide polymorphisms (SNPs) for any given species of wild birds, assuming availability of samples. Given those data, two basic approaches have been pursued to attempt to connect color variation to narrow genomic regions, or even to specific SNPs: divergence scans and genome-wide association studies (GWAS).  
Divergence scans are usable if the samples can be divided into two or more populations (for example, subspecies, closely-related species, or color morphs) based on a relatively discrete color character.  We can calculate divergence statistics like Fst or dxy (πBetween, Irwin et al. 2018) between those populations for sliding windows across the genome. Windows whose divergence greatly exceeds that of the genomic background are candidates to harbor the loci responsible for variation in the color trait. Three shortcomings of this approach are (1) that processes other than adaptation can generate genomic islands of divergence (Cruickshank and Hahn 2014; Irwin et al. 2018; Burri et al. 2015), (2) subjectivity in assigning individuals to color classes, and (3) subjectivity in determining what level of genomic differentiation is required to consider an “outlier region”. 
In the GWAS approach, given genome-wide SNPs and color data for the same individuals, we can directly test for associations between allelic and color variation, while controlling for demographic effects, relatedness and other confounding variables, using linear mixed models. In principle, a major advantage of GWAS is its ability to leverage the full spectrum of continuous trait variation, in contrast to divergence scans where the samples have to be a priori assigned to discrete populations. In practice, however, GWAS are most often also used with trait variation that is naturally or artificially flattened into discrete categories, presumably due to low statistical power to detect continuous trait-SNP associations, except with very large sample sizes (Cornetti and Tschirren 2020; Long and Langley 1999).
Both divergence scans and GWAS can also be used, in principle, with data from restriction-site associated sequencing (RAD-seq) rather than with WGS (whole-genome sequences), but in that case the much sparser density of SNPs makes it unlikely we would be able to successfully detect the loci associated with the adaptive phenotype of interest. The same is true for exome-based sequencing, though that would completely prevent us from detecting causative SNPs in non-protein coding regions of the genome.
A key to the success of both the genomic scan and the GWAS approaches is a low level of background genomic differentiation due to recency of population divergence or and/or ongoing hybridization between color-differentiated populations (Nielsen and Crawford 2013). This is because admixture and recombination break up linkage disequilibrium between neutral and adaptive loci, such that after only a few generations of hybridizations the causative locus is expected to be the only locus with strong association to a phenotypic trait fixed between hybridizing populations (Nielsen and Crawford 2013).
The capuchino (Sporophila spp.) radiation exemplifies the power of genomic divergence scans to inform us about the genetic bases of plumage color traits. In southern South America, this clade diversified explosively in the last 500,000 years producing 11 largely sympatric species distinguished almost exclusively by male plumages and songs (Campagna et al. 2012). In particular, their male plumages present in various combinations of large plumage patches colored black, brown, gray and white, suggesting that these species must have fixed allelic differences in loci involved in the production of melanin pigments (melanogenesis). Campagna et al. (2015) computed Fst for 22,703 SNPs generated from double-digest RAD-seq in a sample of at least six individuals from five species of capuchinos. Only a very small proportion of SNPs had Fst significantly different from zero, and none was fixed in any pairwise comparison between species, demonstrating the inability of that sampling and sequencing strategy to detect the genomic bases of color variation in capuchino studies. Campagna et al. (2017) followed up by generating a high-coverage reference genome assembly of Sporophila hypoxantha and low-coverage (1.7 to 10.2X) whole genomes for 72 individuals of nine capuchino species. With this strategy, they obtained 11.5 million SNPs and identified 25 divergence peaks with elevated (>0.2) Fst, including 99 SNPs that were fixed in at least one pairwise comparison. As expected, divergence peaks were significantly enriched for genes in the melanogenesis pathway (Campagna et al. 2017). The peak with the highest number of divergent SNPs contained the Agouti-signaling protein (ASIP) gene, which was previously known to underlie color variation in several mammals (Rieder et al. 2001; Gershony et al. 2014) including humans (Bonilla et al. 2005), and in birds like the Japanese quail (Hiragaki et al. 2008; Nadeau et al. 2008), and chickens (Oribe et al. 2012; Yoshihara et al. 2012). Most of the fixed sites were in noncoding regions up and downstream of ASIP, strongly suggesting a role for cis-regulatory elements of that gene as genomic underpinnings of male plumage color variation in the capuchinos (Campagna et al. 2017). Interestingly, MC1R did not show sequence differences in any pairwise comparisons between capuchino species (Campagna et al. 2017).
GWAS, in particular with GEMMA (genome-wide efficient mixed-model association, Zhou et al. 2012), have been successfully used to detect candidate loci for plumage color variation in such disparate taxa as Northern Flickers (Colaptes auratus, Aguillon, Walsh, and Lovette 2021), Yellow-rumped Warblers (Setophaga coronata, Brelsford, Toews, and Irwin 2017), Chestnut-bellied Monarchs (Monarcha castaneiventris, Uy et al. 2016), and the aforementioned Sporophila capuchinos (Estalles et al. 2022). As previously mentioned, many of these studies discretized continuous color variation, thus not taking full advantage of the span of trait information available in the populations. For example, hybrid flickers (Colaptes auratus auratus X C. a. cafer) present with continuous gradations in various color traits, including color of the malar stripe and extension of a nuchal bar (Deakin 1936, Aguillon et al. 2021), but Aguillon et al. (2021) scored color traits on a semi-quantitative scale from 0 to 4. They used these scores as dependent variables in GEMMA in a model with 7.25 million SNPs derived from low-coverage (mean: 4.1X) whole-genome sequences from 48 individuals. With this approach they detected 368 SNPs associated with at least one plumage character at a significance threshold of 10^-7. Given the low statistical power of GWAS with small sample sizes (Long & Langley 1999, Cornetii & Tschirren 2020), Aguillon et al. (2021) conducted validation analyses where they repeated the association tests after shuffling phenotypes across individuals. Only five SNPs exceeded the significance threshold in these analyses, thus reinforcing the claim that the 368 significant SNPs detected in the unshuffled data represent true signals of a genotype-phenotype association. There were 112 genes within 20kB of highly significant SNPs, 12 of which were previously known to be involved in either melanin or carotenoid pigmentation. These 12 can be considered strong candidates for underlying plumage color variation in Northern Flickers. Unlike melanins, only a few genes that promote carotenoid deposition have been identified (Walsh et al. 2012; Funk and Taylor 2019), so a particularly interesting finding in this study was that CYP2J19, a gene previously implicated in carotenoid variation in the model bird species canary (Serinus canaria) and zebra finch (Taeniopygia guttata), was associated with wing and tail color in flickers (Aguillon et al. 2021). 
A rare study that used continuously-valued color traits as response variables in GWAS is that of Estalles et al. (2022) on capuchinos. They extracted and chemically quantified the concentration of eumelanin and pheomelanin from 12 plumage patches from 122 individuals of 10 capuchino species. Next, Estalles et al. (2022) used those concentrations in a series of GWAS with 29.8 million SNPs. For each plumage patch, they detected a small number of genomic regions with significant (p<10^-10) associations with pigment concentration; these overlapped multiple known melanogenesis genes. The reasons for Estalles et al.’s (2022) success in detecting genomic associations with a continuously-valued color trait are not totally clear, but one difference between it and previous studies is that they included individuals from 10 species of capuchinos, rather than the more usual comparisons between just two species or populations  (for instance, as in the aforementioned flicker study, Aguillon et al. 2021). Such a study design presumably includes a greater span of pairwise genotypic and phenotypic divergence levels between individuals, which might create a stronger signal of true genotype-phenotype associations.
In light of recent advances, what general conclusions can we draw about the genomic bases of color variation in natural bird populations? Any such conclusions will have to be made on the basis of “dominant relative frequencies”, as Gould (2002) strenuously argued in a different context. Evolutionary genetics, as most of biology, is a science of special cases, not of absolutes. The most general claims we can make are about what processes or patterns are more frequent than their alternatives (Gould 2002). Thus, there will for sure be many instances where color variation–or, in fact, any phenotypic trait–is driven by allelic variation in protein-coding sites, as well as there will for sure be many instances where color variation is driven by allelic variation in non-protein-coding, regulatory sites. Likewise, there will be instances where trait variation is driven by many loci of small effect, as well as there will be instances where trait variation is driven by a few loci of major effect. But how do we ascertain a dominant relative frequency? As Gould (2002) also pointed out, it cannot simply be a matter of tabulating cases. Loci and species must be sampled without preselection. With the advent of whole-genome resequencing, we now routinely do that for loci. But the species we currently select for study of color genomics are probably not a random sample of the world’s birds, or of evolutionary processes leading to color adaptation. It is unclear how we could go about doing that random selection of species. I suggest it will have to be in the context of carefully designed synthetic comparative studies (see ahead). The assertion of a dominant relative frequency must also be statistical (Gould 2002). So, such synthetic studies will have to gather many whole-genome sequences for multiple randomly-selected bird species and their associated color trait data. Next, all those data will need to be jointly analyzed in order to answer what kinds of loci, or what kinds of evolutionary processes, have generated adaptive color variation at a dominant relative frequency among those species. 
Phylogenetic models for detection of molecular evolutionary rate changes–though not to my knowledge so far applied to bird color traits–make some strides in the direction of greater synthesis and generality in the detection of phenotype-genotype associations, as they operate at wider evolutionary scales, not requiring selection of just one or a few closely related populations for comparison. These methods start from the assumption that phenotypic adaptation promotes an accelerated molecular substitution rate in the underlying genomic regions. For example, RERconverge (Kowalczyk et al. 2019) detects convergent shifts in nucleotide or amino acid substitution rates correlated with a phenotypic trait of interest, which can be either discrete or continuously-valued. It requires as inputs a set of “gene” trees (which despite the term “gene” trees can be from genic or nongenic regions of the genome) and values for the phenotype at the tree tips (typically species). RERconverge then outputs relative evolutionary rates for each locus, and p-values for the null hypothesis that each rate is indistinguishable between the background and the set of species bearing the trait of interest (or the p-value for the hypothesis that the is no correlation with the trait of interest, if it is continuous). Zou et al. (2021) used RERconverge on a set of 515,771 conserved nonexonic elements (CNEs) at least 30bp in length and located near genes to look for convergently accelerated genomic regions in in scavenging Accipitrids (vultures) compared to nonscavenging Accipitrids. They found three such CNEs, all of which were in introns of genes known to be involved in gastric acid secretion, suggesting adaptation to a carrion diet. A related method, PhyloAcc (Hu et al. 2019) adopts a Bayesian approach and is designed specifically to detect rate shifts in conserved regions of the genome, which tend to be regulatory elements. Hu et al. (2019) used PhyloAcc to look for accelerated CNEs associated with convergent loss of flight in ratites. They found a significant enrichment of such elements in the vicinity of genes known to be involved in vertebrate forelimb morphogenesis, revealing candidate loci that might underlie wing atrophy in flightless birds.
The need for a priori selection of genomic regions creates some room for investigator-choice bias in phylogenetic methods such as RERconverge and PhyloAcc, though less so than in the candidate gene approach. For a bird clade whose plumage color variation is suspected to be driven mainly or exclusively by melanin concentration, a study using RERconverge, PhyloAcc or a similar program to test for rate acceleration in a list of known melanogenesis genes (e.g., Baxter et al. 2019) and their vicinity will probably entail minimal bias. Such methods can also presumably be used with loci derived from restriction-site associated sequencing (RAD-seq) or exome sequencing. It is not clear how the statistical power of RERconverge and PhyloAcc scales with sample size (number of tips in the phylogenetic tree) or whether missing taxa in the phylogenetic tree introduce biases, which are two important concerns with phylogenetic methods for the evolution of phenotypic traits (Rabosky 2015; Marcondes 2019). With that said, an ideal study design to detect loci underlying color variation in birds might include a clade with multiple separate origins of a certain color trait, for example perhaps gains of all-white plumage in Ardeidae, gains of all-black plumage in Corvidae, or gains of iridescent blue in Alcedinidae.


All together now: simultaneously detecting phenotype-environment and phenotype-genotype associations

We now routinely test for and successfully detect phenotype-environment and phenotype-genotype associations for bird color and many other traits in wild populations of nonmodel organisms. However, these two tests are typically conducted separately, so that the full environment-phenotype-genotype nexus is rarely completed. The environment-genotype link remains an assumption. Logically, showing that A (say, the environment) is correlated to B (the phenotype), and that B is correlated to C (the genotype), does not necessarily entail that A and C are causally correlated, as we would like to establish for adaptive traits.
Methods referred to as environmental association analyses (EAA, Rellstab et al. 2015), such  as Bayenv (Günther and Coop 2013; Coop et al. 2010) and LEA (Frichot and François, 2015),  are designed specifically to test for genotype-environment correlations. They have the important feature that they control for an autocorrelation that may arise even in the absence of adaptation: due to common ancestry and gene flow, geographically proximate populations tend to have similar allele frequencies as well as occupy similar environmental conditions (Coop et al. 2010). To detect loci putatively underlying adaptation to aridity in desert rainbowfish (Melanotaenia splendida tatei) in Australia, Attard et al. (2022) used Bayenv 2 (Günther and Coop 2013) to scan 20,294 SNPs (from double-digest RAD-seq) in 344 individuals. They found 11 SNPs with a log Bayes factor <3 (which they used as a threshold to identify candidates for selection), including one nonsynonymous substitution in a G protein potentially involved in salinity detection (Attard et al. 2021).
However, such genotype-environment methods skip the most important element in the nexus of adaptive evolution: the phenotype. To gain a complete, synthetic knowledge of how phenotypic adaptation is generated, we need to jointly analyze phenotype, genotype and environment within the same framework (Rellstab et al. 2015). I suggest path analysis as a promising, but presently undeveloped, way forward. Path analysis, one of several methods within the broader class of structural equation modeling, is designed to compare hypotheses of complex, causal relationships between sets of multiple variables (Shipley 2009, 2000; Stein, Morris, and Nock 2012; von Hardenberg, and Gonzalez-Voyer 2013; Rodrigues et al. 2012). Such hypotheses are conceptualized as direct acyclic graphs (DAGs). The vertices in a DAG represent measured variables, and they are connected by directed edges (arrows) representing causal relationships. Contrasting hypotheses represented by DAGs made up of different sets of variables and relationships between them can be tested with the d-sep test (Shipley 2000). A path analysis example from medical genetics is that of Rodrigues et al. (2012), who aimed to find SNPs involved in Arsenic metabolism. They tested DAGs describing hypothetical relationships between drinking water Arsenic concentration, urine Arsenic concentration and four candidate SNPs. 
A DAG representing the hypothetical adaptive, causal relationships between a phenotype P, its environmental selective pressure E, and a SNP (genotype, G) underlying it could be represented as G→P←E. To my knowledge, this way of thinking about and testing environment-phenotype-genotype correlations has never been applied to bird color traits, and only rarely or never to any traits in wild populations of nonmodel organisms. Conceptually, it is easy to imagine this approach being used with current SNP datasets and associated phenotypes and environmental data for the same set of individuals. By comparing DAGs with the genotype and without it (i.e., just P←E), it might also be possible to test for genetic versus plastic influences on a phenotype. However, in practice there may be additional complications that will need to be addressed before such studies can be conducted with safety, such as demographic effects, low statistical power, and false discovery correction to account for multiple testing.
Another potential synthetic approach integrating environment, phenotype and genotype could leverage the rich existing toolkit of phylogenetic comparative methods. Methods such as ouch (Butler & King 2004), Brownie (O’Meara et al. 2006) and OUwie (Beaulieu et al. 2012) take on phylogenies mapped or “painted” with various configurations of evolutionary regimes and test which configuration better explains the distribution of trait values in the tree tips. One could use the location of phenotype-correlated molecular rate shifts detected by RERconverge or PhyloACC to “paint” regimes on a phylogeny and use those to model the evolution of species-level environmental variables (e.g., climatic niche axes such as precipitation or temperature) at the tree tips. If, for example, a multi-rate Brownian-motion model (BMS) is a better fit to the data than a single-rate (BM1) model, that can be interpreted as evidence that ecological niches evolved at different rates depending on the molecular regime in the locus used to “paint” on the tree. Likewise with parameters such as the strength of stabilizing selection or the phenotypic optima (alpha and theta in OU models, respectively).
It is an exciting age to be an evolutionary biologist. The amount of data at our fingertips is almost unfathomable, and this affords us the ability to unravel the mechanisms of adaptive evolution at scales and for organisms previously impossible. I have given an overview of recent progress on that front for bird color traits, because these are some of the most accessible phenotypes in one of the most long-studied and well-known groups of organisms (Marcondes 2022). The lessons learned from bird color studies can and will facilitate studies in other clades.  Coupling that with an increased emphasis on the need for simultaneous integrative analyses of environment, phenotype and genotype, and with development of methods to do so, we will be closer than ever to gaining a general, synthetic view of the environment-phenotype-genotype nexus.
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