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Natural habitats are increasingly affected by anthropogenically driven environmental changes resulting from habitat destruction, chemical and light pollution, and climate change. Organisms inhabiting such habitats are faced with novel disturbances that can alter their modes of signaling. Coloration is one such sensory modality whose production, perception and function is being affected by human-induced disturbances. Animals that acquire pigment derivatives through diet are adversely impacted by the introduction of chemical pollutants into their environments as well as by general loss of natural habitat due to urbanization or logging leading to declines in pigment sources. Those species that do manage to produce color-based signals and displays may face disruptions to their signaling medium in the form of light pollution and turbidity. Furthermore, forest fragmentation and the resulting breaks in canopy cover can expose animals to predation due to the influx of light into previously dark environments. Global climate warming has been decreasing snow cover in arctic regions, causing birds and mammals that undergo seasonal molts to appear conspicuous against a snowless background. Ectotherms that rely on color for thermoregulation are under pressure to change their appearances. Rapid changes in habitat type through severe fire events or coral bleaching also challenge animals to match their backgrounds. Through this review, we aim to describe the wide-ranging impacts of anthropogenic environmental changes on visual ecology and suggest directions for the use of coloration both as an indicator of ecological change and as a tool for conservation.
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INTRODUCTION

The recent intersection of multiple global crises—climate change and public health—has brought the aesthetic enjoyment of “nature” to the forefront of collective human consciousness. As a species that tends to place the visual above other senses of perception, our knowledge systems are often centered around visual observations of natural phenomena and natural life, color in particular. As such, changes in our visual environments are often the first to be noticed and studied. Natural environments have been shaped by human societies for millennia (Sullivan et al., 2017), but recent decades have seen an acceleration of habitat loss and destruction due to changing land-use and climate. The rate of these changes outpaces natural rates of adaptation (Heinrichs et al., 2016; Greenspoon and Spencer, 2021). As these systems face threats from climate change, habitat loss and pollution, visual ecologists must reckon with the ramifications for the production, perception, evolution, and application of coloration. The introduction of novel stressors and the amplification of pre-existing ones beyond levels that animals can behaviorally ameliorate presents a range of consequences for the evolutionary and ecological dynamics of these populations. While visual ecologists and biologists have thus far been engaged in questions around the mechanisms of color production and perception, the field has yet to provide a synthetic understanding of the effects of anthropogenic stressors on these mechanisms. Conversely, conservation science has yet to incorporate cues from visual ecology as way to monitor populations at risk.

Over the course of this review, we attempt to lay out the documented effects of various anthropogenic stressors on different aspects of visual ecology. The production of color, either through de novo synthesis or dietary acquisition, is impacted from multiple directions by environmental pollution and habitat loss (Peneaux et al., 2021). The fragmentation or loss of a habitat also leads to a fragmentation of the dietary resources essential for the sequestering of pigmentary compounds such as carotenoids. In order for color phenotypes to function properly, the color patterns must be perceived under optimal lighting conditions, whether in ambient air or water. Rapid changes to the photic environment due to environmental pollution and landscape change disrupt the perception and processing of signals that are often crucial to species’ recognition and mate choice. Furthermore, color patterns used to achieve crypticity or thermoregulation can be rendered ineffective, and even counterproductive, due to accelerated changes to climate patterns and the seasonal composition of habitats. Additionally, epidermal color traits present great potential as non-invasive yet powerful indicators of environmental change, while the colorscape of an ecosystem, measured through the color composition and variation within and across species in the community presents an interesting alternative metric to report on the health of ecosystems. Finally, we outline present uses of visual information from the natural world for ecological monitoring and possibilities for the future incorporation of visual ecology for conservation.



COLOR PRODUCTION

Central to the study of animal coloration is the presence of pigment sources in the animal’s habitat, whether as prey or plant material. This dependence of coloration on environmental conditions means that the color traits are often honest indicators of individual quality (Hamilton and Zuk, 1982; Naguib and Nemitz, 2007). Only individuals with good access to the necessary nutrients or the ability to overcome stresses can express costly phenotypes. Color in animals may be presented through either pigment deposition in the epidermis or through nanostructures such as those found in bird feathers and lepidopteran wings. Of the many pigment classes, the two most used, especially in birds, are melanin and carotenoids, each of which have different mechanisms of production. Carotenoids are primarily acquired through diet and are costly and energy intensive to produce, thereby indicative of the ability of individuals to compete and forage for the necessary dietary components (McGraw, 2006a). Melanin (eumelanin and phaeomelanin) is synthesized endogenously in melanocytes and may be limited by oxidative stress, hormones, and amino acid precursors (McGraw, 2006b). Pteridines are another class of pigments that are not as well studied as carotenoids or melanin but are increasingly regarded as indicators of individual quality (Stuart-Fox et al., 2021). Although structural coloration is primarily dependent on the incidence of light in the environment, some aspects of structural colors may be condition-dependent and constrained by protein availability in the diet (Prum, 2006). Anthropogenic landscape and climate change have introduced novel environmental constraints ranging from a direct loss of nutrient sources due to habitat loss to the effects of temperature change on endocrinology and biochemical pathways essential to pigment production.


Carotenoids

Carotenoid-based ornamental traits have been established as condition-dependent and therefore honestly indicative of individual quality (Hill, 1995, 2006) based on experimental and correlational studies (Weaver et al., 2018). The term “individual quality” is an index of body condition, used primarily in the context of female mate choice (Weaver et al., 2017) and sexual selection for male ornamental traits (Møller, 1991), which include highly plastic color signals. Several studies that experimentally manipulate the availability of carotenoid sources in the diet have demonstrated this plasticity and subsequent link between the habitat and quality (Peneaux et al., 2021; Stuart-Fox et al., 2021). This link may be disrupted when the carotenoid-based coloration is constrained by the environment in two ways—(a) through lack of availability of carotenoid sources such as insects, fruits and young shoots in the habitat and (b) constraints on other non-carotenoid macro-nutrients in the habitat, such as proteins and fats that are necessary for carotenoid absorption and expression through signals. As landscapes and habitats decline in quality, carotenoid-based coloration may start to be construed as an indicator of habitat condition rather than individual quality (Lifshitz and St Clair, 2016; Weaver et al., 2018; Peneaux et al., 2021).

The concept of using carotenoids as biological indicators of environmental changes is not a novel one (Hill, 1995). There is extensive literature on the relationship between the amount of carotenoid or carotenoid precursors available in the environment and the signal quality of animals, primarily avian species, which use carotenoid-based coloration. While a considerable proportion of the literature in this field is dedicated to experimentally inducing variation in carotenoid availability through captive breeding and diet manipulation to show the direct link between carotenoids in the environment and the level of display as ornaments in birds (McGraw et al., 2005; McGraw and Parker, 2006; Shawkey et al., 2006), some studies have relied on field observations of nesting in the wild. Free-ranging birds with wider growth bands on their tails (dependent on better overall nutrition) exhibit more saturated colorful plumage (dependent on carotenoid availability) (Hill and Montgomerie, 1994; Senar et al., 2003). The American kestrel (Falco sparverius) sequesters carotenoid-based yellow coloration in patches around the eyes, above the bill and on the tarsi (Figure 1). These patches of color are on the skin, and not on plumage and therefore can be directly linked to pigment deposition in the epidermis and not optic structures as seen in feathers. Bortolotti et al. (2000) present data on the genetic vs. environmental contributions to variation in carotenoid coloration in kestrels, collected through cameras set up in nest boxes to record prey variability and through spectrophotometry to quantify carotenoid levels. They found that the abundance of voles in territories was negatively associated with plasma carotenoid concentration in the predatory birds. Those that consumed relatively higher proportions of voles over other prey types, such as grasshoppers, frogs, dragonflies, or small birds, had lower concentrations of carotenoids, suggesting that environmental limits on the diversity of prey can lead to compromised color-based signaling as well as poorer health and quality. In a second study (Bortolotti et al., 2003) the authors exposed juvenile and adult kestrels to polychlorinated biphenyls (PCBs) through diet and measured plasma carotenoid concentrations and plumage coloration before and during the breeding period. Their results showed that PCBs disrupted both color deposition and plasma carotenoid levels during the breeding period. In male kestrels that were fed PCBs, plumage coloration became significantly duller. PCB exposed females did not lose carotenoid-based color during the breeding session, as expected and as seen in control females. Female kestrels fed the control diet lost their carotenoid coloration due to the routine allocation of carotenoids to eggs. The disruption of this mechanism by PCBs highlights the many ways organic pollutants can affect reproductive fitness. Another study by Fernie et al. (2001) showed that PCB contaminated females experienced delays in egg laying. In yet another case of carotenoid-based signaling reflective of individual health, Kristiansen et al. (2006) studied the coloration of bills and eye-rings in the great black-backed gull (Larus marinus). They found that adult male gulls in better condition (measured as residuals from the regression between body size and body weight) showed bills and eye-rings with higher color saturation while female gulls with higher color intensity laid larger eggs and had greater clutch sizes.
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FIGURE 1. Birds whose pigmentation is affected by environmental pollution. (A) The American kestrel (Falco sparverius) in Florida, by Andrew Morrfew. Male kestrels that were fed PCBs in the laboratory setting showed duller plumage coloration (B) House finch (Haemorhous mexicanus) in Baja California, by Ron Knight. The house finch exhibits a decrease in red plumage coloration with exposure to herbicides. (C) Eurasian kestrel (Falco tinnunculus) in the Annamalai Hills, by T.R. Shankar Raman. The melanin-based plumage color has been shown to fluctuate in response to diet diversity (Fargallo et al., 2007). (D) Great tit (Parus major) in Lancashire by Francis Franklin. The yellow breast coloration has been shown to grow duller with exposure to metal pollutants, while melanin-based black stripes grow brighter.


Carotenoid based displays may be further environmentally constrained by the energetic costs of pigment production. Acquisition of carotenoids is dependent on both the availability of pigments as well as the availability of sufficient caloric content in the environment (Hill, 2000). Diet places energetic constraints on the biochemical pathways of pigment production as well as on the supplementary compounds such as lipoproteins that are just as essential to pigment synthesis and deposition (Tyczkowski and Hamilton, 1986). There is increasing evidence linking protein limitations in urban landscapes to declines in insect communities, a key feature of the avian diet (Tallamy and Shriver, 2021). Among the many multi-dimensional changes in climate and land-use patterns, urbanization and the resulting built environments may be the most far-reaching in this regard. Built environment is marked by a large-scale rapid transition from natural habitat to anthropogenic structures, accompanied by increased pollution, higher human population densities and significant increases in oxidative stress levels (Hutton and McGraw, 2016). As birds are one of the few classes of animals that continue to inhabit urban spaces after the transition from natural vegetation to built-up spaces, they may serve as a good indicator of rapid environmental change through the highly plastic carotenoid-based color patterns they use for conspecific signaling (Peneaux et al., 2021).



Melanin

Although melanin-based coloration has often been thought of as being primarily under genetic control with little influence from environmental factors (Griffith et al., 2006), inter-individual variation in melanin-based patches in the Eurasian kestrel (Falco tinnunculus) points to a different story. Fargallo et al. (2007) examined gray plumage in kestrels as an indicator of variation in environmental conditions during the early developmental stages of male nestlings. Through data collected from nest boxes over 3 years, they found that the production of gray color patches in male nestlings was correlated with prey richness in the environment and could not be attributed to genetically determined maternal quality allocated into eggs. Their results, combined with established knowledge about the biochemical pathway of melanogenesis and the higher cost of brown (phaeomelanin) vs. gray/black (eumelanin) pigmentation (Jawor and Breitwisch, 2003), demonstrate the dietary constraints on melanin production in kestrels. The incidence of gray color patches in male nestlings was higher in years with greater vole abundance. As melanin pigmentation in male kestrels may be attributed to quality signaling, either toward females for mate selection, or to advertise sex to parents for differential allocation of resources, large scale climate or land use changes could lead to fluctuations in prey supply and subsequently the quality of kestrel nestlings. New data (Fay et al., 2020) on the synchrony between vole population cycles and kestrel breeding patterns sets this dynamic in perspective as a possible case study for the effects of climate change on dietary sources of melanin pigmentation.



Structural Coloration

Sexually selected structural color ornaments are considered honest signals of quality due to their diet-driven plasticity. Protein is especially limiting for structural coloration of plumage and skin as well as tissue and feather formation through keratin and collagen. Certain colors commonly used for signals in birds are often produced through a combination of pigments and structural coloration (Prum and Torres, 2003). It is this association between pigment and optic structures that make macronutrients like proteins and fats important limiting factors in addition to carotenoid intake. Indeed, protein intake, or the lack thereof, has been found to affect other non-carotenoid based visual signals as well. Male blue tit nestlings with lower plasma protein concentrations exhibit tail feathers in a more vivid blue/UV (Peters et al., 2007). Lower levels of proteins circulating in the bloodstream are indicative of these proteins being allocated to the formation of nanostructures in feathers instead. In another study that investigated the effects of cholesterol level variation in zebra finch (Taeniopygia guttata) ornamental coloration, researchers found that bill coloration faded significantly in finches whose diets had less cholesterol (McGraw and Parker, 2006). Similarly, the iconic iridescent patch in male Anna’s hummingbirds (Calypte anna) is constrained by protein: hummingbirds that were fed higher protein levels grew brighter crown feathers (Meadows et al., 2012).



Pollutants and Color Production

In addition to being impacted by dietary constraints, integumentary pigmentation and structurally derived colors are also affected by anthropogenic pollution. These pollutants can range from pharmaceuticals, to pesticides, to industry-related compounds, to metals (Lifshitz and St Clair, 2016). As previously established here, color displays that act as honest indicators of quality can be heavily constrained by diet and nutritional deficiencies in their respective environments. Broadly, polluting compounds impact animal coloration through multiple pathways: by inhibiting or disrupting the acquisition of carotenoid precursors, by replacing similar compounds in key biochemical pathways and by causing general declines in overall health and condition (Pacyna et al., 2018). The abundance of literature (Table 1) on the effects of pollutants on plumage coloration in birds suggests that carotenoid-based coloration could be used as an indicator of pollution. Organic pollutants such as DDT (dichlorodiphenyl trichloride), PCB and PAH (polycylic aromatic hydrocarbons) have been shown to reduce hue and saturation in birds as varied as gulls and harriers (Pérez et al., 2010; García-Heras et al., 2017). Similarly, metallic pollution as a byproduct of industrial smelter plants has led to significant decreases in carotenoid-based color deposition. As a visual indicator that can be measured from a distance, pigmentary color display in birds is a far less intrusive method of assessing the impacts of anthropogenic pollution than sampling blood and tissue, especially in endangered or vulnerable species whose populations cannot afford to be sampled (Yang et al., 2021).


TABLE 1. The effects of anthropogenic pollutants on plumage coloration in birds.
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PERCEPTION AND SIGNAL VISIBILITY

Visual modes of communication require that the signal passes to the receiver without undue disruption. Animals rely on ambient light for the visual processing of color signals—it can modulate the level of contrast between patches of color and thus the efficacy of the signal itself (Endler, 1980; Rosenthal and Stuart-Fox, 2012). For instance, for terrestrial animals that use warning coloration, the medium of ambient air is often subject to natural variation due to weather patterns and vegetation (Rosenthal, 2007). Anthropogenic changes in climate and habitat structure as well as the introduction of artificial light can alter the visual signaling environment beyond the normal threshold of variation (Lim et al., 2008). Forests are one such example of a habitat type whose lighting conditions are characterized by complex interplay between vegetation structure, weather, and time of day (Endler, 1993). While natural variation in ambient light in forests over the course of a day can be offset by minor behavioral adjustments, more dramatic changes brought about by logging and land clearing can result in animals being unable to communicate as effectively as before (Delhey and Peters, 2016). The presence of atmospheric aerosols due to anthropogenic emissions has been found to have decreased global clear sky visibility (Wang et al., 2009), with potential ramifications for taxa, such as sandhoppers, that rely on skylight radiance for orientation and navigation (Ciofini et al., 2021). The impacts of this decrease in irradiance on animal coloration have yet to be examined. Transitional light regimes, such as those seen at dawn and dusk, have also experienced changes due to light pollution (Spitschan et al., 2016). However, the impacts of these changes on the visual ecologies of non-human animals have yet to be investigated comprehensively. Similarly, elevated turbidity in aquatic systems due to eutrophication, sediment run-off, increased storm intensity from climate change and bottom dredging causes drastic changes in irradiance (van der Sluijs et al., 2011), thereby disrupting the medium of transmission and perception of visual signals.

The effects of water turbidity have been well documented in cichlids and guppies (Chapman et al., 2009; Camargo-dos-Santos et al., 2021). Seehausen et al. (1997, 2008) have ascertained, through lab experiments and field data, that changes in ambient light in Lake Victoria due to eutrophication have led to the hybridization of several differently colored cichlid species. As female cichlids prefer to mate with conspicuously colored males (Seehausen et al., 2008), the perception of these conspicuous colors is crucial to the maintenance of mating systems. Male nuptial coloration, often presented as bright reds or blues to offer a striking contrast against yellow light, is impacted by turbidity in two ways: (a) the lack of photosynthetically useful light causes declines in dietary sources of carotenoids and (b) the costliness of bright colors and the decline in ambient light causes males to develop duller colors over generations (Seehausen et al., 1997). Turbidity reduces the overall efficacy of color-based signals, followed by a loss or decline in male nuptial colors, and finally a decrease in overall species diversity and phenotypic diversity due to the loss of sensory barriers against hybridization. As sexual selection contributes significantly to species and phenotypic diversification and the maintenance of diversity in cichlids and guppies (Selz et al., 2014), a breakdown of these selective forces due to environmental conditions could lead to declines in the genetic diversity and by extension, perhaps to resilience of a population to further challenges.

Butterflies that rely on lighting environment for the efficacy of their defensive coloration mechanisms are particularly dependent on forest cover for survival. As they employ a combination of pigmentation and structural coloration to achieve a fine balance between color for thermoregulation and as an anti-predator strategy, significant changes in both climate and land use patterns mark them as especially vulnerable. In a wide-ranging comparative study of the effects of deforestation on coloration in Amazonian butterflies, Spaniol et al. (2020) show how in recent years, butterflies have experienced a reduction in diversity of defensive coloration strategies. Primary growth forests, especially in the tropics (Adams et al., 2014) offer a greater range of visual environments that are associated with specific color phenotypes. Species that inhabit low-light environments, i.e., primary growth forests with dense canopies, are more susceptible to population declines following disturbance events that convert them to higher-light environments (Patten and Smith-Patten, 2012). Through their sampling of butterflies in primary forests and early succession stage areas, Spaniol et al. (2020) find that butterflies that rely on dull colors and patterns (measured as saturation and hue) for camouflage continue to persist in recently disturbed forest sites, whereas conspicuously colored butterflies show declines. Brighter colored species may be exposed to greater predation risk due to the opening up of habitats from disturbance. This exposure is sometimes combined with the introduction of novel, invasive predators to the systems that have not undergone the learning processes that make conspicuous color patterns effective as warning signals (Ciuti et al., 2012). Overall, deforestation and the creation of smaller, more disturbed fragments of forest appear to select for lower color diversity as well as species diversity in neotropical butterflies (Spaniol et al., 2019, 2020). Butterflies are a particularly charismatic taxonomic group whose colors and patterns represent a large range of specialized adaptations closely associated with their habitats. As these habitats face extensive deforestation and changes to the light environment and predator composition, butterflies may be used as model taxa for the monitoring of forest composition and degradation.

Artificial light at night is a unique feature of modern human society that affects many aspects of animal behavior (Gaston et al., 2013). The advent of new lighting technologies such as the energy-efficient LED bulb to offset the energetic costs of older incandescent light bulbs has introduced a wider range of artificial spectra to nocturnal animals (Owens and Lewis, 2018; Desouhant et al., 2019). Fireflies and glow-worms are examples of nocturnal insects that use the darkness of the nighttime as a background against which to emit sexual signals. Elgert et al. (2021) investigated the effects of artificial light on sexual signaling in the glow-worm (Lampyris noctiluca) and found that female glow-worms ceased glowing when exposed to artificial light at night for an extended period of time. Briolat and others have shown how artificial light affects coloration too, specifically, using elephant hawkmoths (Deilephila elpenor) and the impact of different types of artificial lighting conditions on their pollination and anti-predator behavior (Briolat et al., 2021). As highly efficient and effective nocturnal pollinators, hawkmoths rely on their night vision systems to fly directly toward specific flowers. The authors tested the effect of artificial lights on the ability of moths to discriminate flower colors at night and found that broadband amber light, most commonly emitted from amber LED lights, inhibited color discrimination. With regard to anti-predator behaviors, they also found that narrow band light sources, such as orange LED, disrupt the moths’ ability to perceive and discriminate the color of backgrounds against which they choose to finally rest at night to avoid detection by diurnal avian predators the next day.



FUNCTIONAL ASPECTS OF COLORATION

Rapid environmental change can be expected to impact the functionality of color patterns as much as it does their acquisition and perception. One of the most striking effects of climate change on the adaptive function of coloration is seen in arctic mammals and birds that undergo seasonal color change to achieve crypsis against their changing backgrounds. As the duration of annual snow cover shortens with warmer temperatures each year (Post et al., 2009), arctic animals are faced with mismatching their backgrounds, leading to increased predation risk (Pedersen et al., 2017). Similarly, ectotherms that rely on coloration for thermoregulation must contend with warmer temperatures by either evolving lighter colored bodies or shifting their ranges to cooler and shadier regions. Changes to the landscape, in the form of forest fragmentation or wildfires, can compound on the effects of climate change and severely affect the distribution of morphotypes within a polymorphic population.


Climate Change in Mammals

Climate change has diverse effects on animal coloration (Figure 2). Some animals that inhabit upper temperate and polar regions or migrate between them undergo seasonal color change. These animals, primarily birds and mammals that use coat or plumage color polyphenism to camouflage against snow, are directly compromised by seasonal mismatches between daylength and modern changes in temperature and precipitation (Forrest and Miller-Rushing, 2010).
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FIGURE 2. Animals whose colors are impacted by climate change. (A) The Orange sulfur butterfly (Colias eurytheme) in Nogales, Arizona by Alan Schmierer. C. eurytheme relies on wing color to reach optimal temperatures for flying and foraging. (B) Snowshoe hare (Lepus americanus) in Denali National Park by Tim Rains. Snowshoe hares are increasingly experiencing camouflage mismatch with decreases in snow cover due to climate change. (C) Least weasel (Mustela nivalis) in Bialowieza Forest by Stormbringer76. Weasels in their winter pelage are also experiencing camouflage mismatch with decreasing snow cover and period. (D) Monarch butterfly (Danaus plexippus) in Aston Township, Pennsylvania by Derek Ramsey. Monarch wing color darkness is important for flight endurance during migration.


Photoperiod is the primary driver of seasonal polyphenism in arctic mammals that undergo molting to match the backgrounds of their changing landscape (Zimova et al., 2018). Although photoperiod itself is not affected by climate change, the discrepancy between seasonal transitions and photoperiod is particularly important as a driver of increased mortality due to camouflage mismatch between coat color and habitat substrates that change with season (Zimova et al., 2020b). Snowshoe hares undergo seasonal molts to match their background, between a uniform brown coat in summer and a uniform white in winter, with intermediate phases of brown and white patches during the seasonal transitions in autumn and spring. In a series of studies on phenotypic plasticity of snow-shoe hares (Lepus americanus) in response to decreased snow cover and mismatches with coat color, researchers used data collected over 3 years on snowpack and color polyphenism to illustrate the extent of seasonal mismatch and associated mortality (Mills et al., 2013; Zimova et al., 2016, 2020a). A large portion of mortality is directly attributed to predation, making their predator interactions a primary selective pressure for local adaptations. Through their long-term study, the authors established a lack of or limited phenotypic plasticity in coat color phenology: onset of seasonal molt appeared to be fixed and determined by photoperiod rather than temperature and snow cover (Zimova et al., 2014). Increased color contrast between the hares’ coat color and their substrate led to increased mortality. Moreover, hares have not adjusted their behavioral defenses against predation to compensate for the decline in crypticity either (Zimova et al., 2014). Population and climate pattern modeling of mortality rates show that climate driven phenological mismatches are capable of driving severe population declines.

In another example, Atmeh et al. (2018) demonstrated the effects of seasonal camouflage mismatch on winter survival rates in the common weasel (Mustela nivalis). In the Białowieża Forest in Poland, two morphs of weasel—M. n. nivalis and M. n. vulgaris—occur sympatrically. While there are few differences in their summer coat coloration, the former undergoes a winter molt to a white coat, but the latter retains its brown coat year-round. Visually mediated predation by raptors and other larger mammals is often the largest mortality factor for weasels, making their ability to achieve crypsis against their seasonally changing background of utmost importance to survival (Zub et al., 2008). The investigators used a combination of weasel model-predator interactions and live-trapping of weasels over a decade to assess the population ratios of the two color morphs. In their field experiments, they used artificial weasel models that corresponded to the two morphs to determine predation risk induced by camouflage mismatch. They demonstrated that camouflage, or the lack thereof, was the most significant factor influencing detection by predators. They also found a negative but non-significant association between the detection rate and percentage snow cover. Through live trapping, they found that the proportion of M. n. nivalis, the morph that molts to white in winter, actually decreased parallel to the decrease in the number of days of snow cover in the forest. The authors thereby predicted that the two morphs will suffer different rates of mortality, with M. n. nivalis experiencing higher mortality than M. n. vulgaris with decreasing snow cover, perhaps leading to the fixation of the latter morph in the population over time.



Climate Change in Insects

Ectotherms that rely on body color for thermal regulation are particularly affected by changing global temperatures. Darker colored animals have an advantage over lighter colored animals in cooler climates as they are more efficient at increasing their body temperatures above that of the ambient atmosphere (Clusella-Trullas and Nielsen, 2020). In warmer climates, however, lighter colored ectotherms can remain active in the day for longer. This constraint on color and thermoregulatory abilities has led to seasonal polyphenisms in several insect species, particularly well documented in the North American sulfur butterflies of the genus Colias (Watt, 1968, 1969; Hoffman, 1978; Kingsolver, 1983a,b; Kingsolver and Buckley, 2015). Summer morphs of both species display orange or yellow colors on their hindwings, due to pteridine pigments, while spring and fall morphs show a darker underside of their hindwings, due to the replacement of pteridines with melanin. In their normal resting position, the hindwings are folded upward, exposing their undersides to the absorption of solar radiation. The lighter color of the summer morph minimizes overheating, enabling it to stay active longer in the day. The butterflies are triggered by a photoperiodic change from the longer summer months to shorter winter months to undergo morphological changes to their wings. Watt (1968, 1969) studied the mechanism of polyphenism in C. eurytheme and the effect of temperature on butterfly activity patterns, specifically, daily flying time. He demonstrated that the darker butterflies reached high body temperatures needed for flying longer in the day even under lower ambient temperatures, entailing an adaptive advantage according to season and photoperiod. Hoffman (1978) also investigated the correspondence between photoperiod and hindwing darkening through laboratory experiments and field observations in Central California by exposing larval instars of C. eurytheme at each stage to different photoperiods and ambient temperatures. He found that seasonal polyphenism is controlled by photoperiod during larval development, and that temperature during this time has no significant effect on seasonal hindwing darkening. Kingsolver and Buckley (2015) investigated melanin variation in alpine and sub-alpine populations of Colias meadii to estimate the impacts of climate change on butterfly fitness (measured as net reproductive rate) and thermoregulatory traits (wing solar absorptivity, measured as degree of melanism on ventral hindwings). They then used the results of experiments conducted previously (Kingsolver, 1983a,b; Buckley and Kingsolver, 2012) and historic climate data from 1955 to 2010 to construct models that predict the direction of selection and the evolutionary responses to climate change. Their models predicted selection for decreased wing melanin as temperatures rise, but the degree of selection remained weak, suggesting that evolutionary responses to climate change may not match the rate of change of environmental conditions.

Monarch butterflies, whose migration cycles are the source of much concern in recent years (Zylstra et al., 2021), depend on wing coloration for their flight ability. Indeed, the link between butterfly wing color and flight ability has been established through studies by of Pieris butterflies in North America (Kingsolver and Wiernasz, 1991; Kingsolver, 1995). The two types of pigments responsible for the iconic wing colors of monarchs (Figure 2) are pteridine and melanin. The ability of monarchs to successfully navigate their migratory path is dependent on the thermoregulatory capacity of their wings, which is a function of wing surface coloration. Wild-caught monarchs with redder or darker shades of orange flew longer distances in the laboratory setting (Davis et al., 2012). Another study by Davis (2009) found that migrating butterflies tended to be redder than individuals in the overwintering or breeding stages. These results build on a study (Hanley et al., 2013) that found wild monarchs captured from the Gulf coast (warmer temperatures) were more melanized than monarchs from the Great lakes (colder temperatures). Monarchs that fly longer distances, i.e., those sampled at the Gulf coast, exhibit darker colored wings in order to absorb more solar energy. While monarch migration has been put forth as a complex trait to be used to study the impacts of climate change on population dynamics (Green, 2021), the strong link between wing color and flight performance during migration may allow us to use of wing color traits as a biological indicator of environmental change.

Zeuss et al. (2014) extended the relationship between coloration and thermoregulation to entire clades by conducting a phylogenetic comparison of butterflies and dragonflies’ color lightness and thermal environments to demonstrate a correlation between the two. Their models showed that ventral wing surfaces became lighter with increasing temperatures in European butterflies. The authors also found that dragonfly assemblages across Europe became lighter colored over the last century. They attribute this directional change to climate warming forcing a skew in thermoregulatory coloration. They also predict range shifts in darker colored insects toward cooler and shadier regions.

As insect clades experience shifts toward color lightness or darkness due to broad changes in climate patterns, the plant assemblages they interact with are also expected to shift to adapt to an altered sensory and thermal landscape too (Shrestha et al., 2018). Flowers that generally rely on color to signal to pollinators must reach a trade-off between thermoregulation through pigmentary absorption of solar radiation and colors that are visible to their specific insect pollinator’s vision systems (Lacey et al., 2010). With increasing temperatures and altered precipitation patterns, an imbalance in this trade-off can arise (Koski et al., 2020). Although anthocyanin-based colors are a strong influence on plant-pollinator interaction, anthocyanin also functions as a photosynthetic and photoprotective pigment (Gould, 2004). The reproductive structures of flowers are heat-sensitive and rely on pigments to regulate internal temperatures (van der Kooi et al., 2019). Using historical data from herbarium specimens and historic climate data (temperature, precipitation, and vapor pressure deficit), Sullivan and Koski (2021) assessed changes in floral pigmentation over 124 years in 12 North American polymorphic species that spanned 10 genera. They scored herbarium species as pigmented (red, pink, blue, or purple), unpigmented (white) and mixed. Color polymorphic species that experienced larger increases in aridity showed an increase in frequency of pigmented specimens over the timeframe. On the other hand, species that underwent larger increases in temperature in their respective environments showed a decline in the number of pigmented specimens. As warmer temperatures are often accompanied by and even exacerbate the effects of aridity in regions like western and southwestern North America, this creates conflicting selective forces for anthocyanin pigmentation. We may then expect to see new distributions of pigmented and unpigmented morphs, based on novel microclimates and niches created by climate change.



Landscape Change

The interaction of habitat fragmentation and climate change as separate but interlinked creates new environments that force species to either adapt rapidly or perish. While climate change may cause directional selection for traits that ameliorate thermal and drought related stresses, landscape change narrows the breadth of adaptations possible by reducing the potential for range expansion (Figure 3). Deforestation and intense fire events that have increased in frequency in recent years (Cattau et al., 2020) are two such habitat modifying forces that severely affect the species composition of ecosystems as well as intraspecific phenotypic variation. The Eastern red-backed salamander (Plethodon cinereus) has been used by Cosentino et al. (2017) to study the combined effects of forest fragmentation and climate change on morphotype distribution. The loss of or fragmentation of forests leads to greater edge effects such as drier and warmer soil conditions (Murcia, 1995; Laurance, 2004). These effects are exacerbated by warmer temperatures caused by climate change. Selection for climate ameliorating traits may then be either intensified by the loss of habitat or dampened by the regeneration of forest patches. Coupled with warmer temperatures owing to climate change, forest fragments represent a shortage of thermal refuges (Monasterio et al., 2009). As a terrestrial amphibian that requires moist and cool conditions, the red-backed salamander is particularly vulnerable to changes in temperature and moisture. Plethodon cinereus occurs as two discrete, genetically based color morphs that are differentially distributed in the forests of eastern North America. The unstriped (black) individuals are linked to warmer and drier microclimates than striped individuals. Cosentino et al. (2017) used historical data from 1880 to 2013 as well as data they collected between 2013 and 2015 on salamander morph frequencies, climate variables and forest cover. They modeled the interactive effects of mean annual temperature and forest cover on the proportion of striped individuals and found that years with higher temperatures saw a greater proportion of striped individuals in areas with higher forest cover. The proportion of striped morphs was also lower in areas that had experienced forest loss due to urbanization and agriculture, owing to the loss of thermal refuges. Their results support the suggestion that landscape factors can either exacerbate or ameliorate the effects of climate change. This association between genetically based color morphs and microclimates also lays down the potential for sympatric speciation with further warming and forest fragmentation. The red-backed salamander may rely on the persistence of multiple color morphs through, frequency dependent selection (Fitzpatrick et al., 2009) to survive predation, the greatest contributor to salamander mortality (Grant et al., 2018). Each of these morphs has also been shown to exhibit different anti-predator behaviors (rates of tail autotomy) that may be genetically correlated with coloration (Venesky and Anthony, 2007). Sympatric speciation along the basis of color could perhaps put each resulting species at greater risk of extinction without the buffering effects of polymorphism and frequency dependent selection (Forsman et al., 2008).
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FIGURE 3. Animals whose coloration are impacted by landscape change. (A) Pygmy grasshopper (Tetrix subulata) by Hedwig Storch. Melanic morphs of the pygmy grasshopper are favored over non-melanic morphs after a fire event. (B) Western fence lizard (Sceloporus occidentalis) in Joshua Tree National Park by Hannah Schwalbe. The western fence lizard has been shown to perch on burnt twigs after a fire event to match its background better. (C) Eastern red-backed salamander (Plethodon cinereus) in Mississauga, Ontario by Ryan Hodnett. The striped morph of the eastern red-backed salamander relies on cooler and more moist microclimates that are declining due to forest fragmentation and climate change. (D) Humbug dacyllus (Dascyllus aruanus) in Lembeh, Indonesia by Rickard Zerpe. The dascyllus is one species of reef-dwelling fish that is experiencing greater predation rates due to coral bleaching.




Fire

Fire melanism is a well-documented trait occurring in animals that inhabit fire-dominant ecosystems (Karlsson et al., 2008). In regions that experience a fire season, habitat succession and the associated changes in visual environments are major drivers of polymorphisms and polyphenisms (Hocking, 1964). The stability of these succession cycles may be threatened by changes in climate and land use patterns that have led to a marked increase in frequency and intensity of fires in these regions (Steel et al., 2015). Color polymorphic animals that inhabit ecosystems shaped by fire often have melanistic and non-melanistic morphs. Rocha et al. (2015) used coloration, specifically, the frequency of darker individuals and darker species to assess the impact of fire disturbance events on the composition of Brazilian grassland insect assemblages. The authors sampled insects from five orders and categorized individuals into 52 morphotypes. Measuring color phenotype distribution through color density (high density meant brighter tones, low density meant darker tones), their results showed higher frequencies of darker colors in burned areas and higher frequencies of lighter colors in unburned areas. Rowell (1971) describes three possible mechanisms by which melanic morphs may be distributed in a fire shaped landscape—(a) natural selection for dark morphs on a dark substrate, (b) phenotypic plasticity in response to fire and associated darkened substrates, and (c) behaviorally different dispersal patterns. In order to establish a causal link between fire events and increased predation on lighter phenotypes in burned, darkened substrates, one would need direct evidence of altered predator-prey interactions.

Karpestam et al. (2012, 2013) do just this with the pygmy grasshopper (Tetrix subulata) in human predation trials. Over the course of two studies, the first a capture-mark-recapture study of natural populations of T. subulata in the wild in southwest Sweden, and the second a controlled human detection experiment, they examined differences in rates of detection for images of the three color morphs of grasshoppers against a range of naturally occurring backgrounds. In order to validate the use of humans as “predators” for their detection study, they compared the rate of detection of grasshopper images on computer screens to rates of capture of live individuals from their previous study (Karpestam et al., 2012) and to morph frequencies in the wild. They found that while no singular color morph was cryptic in all visual backgrounds, the detection rate of each of the three morphs was different across backgrounds that represented the various stages of habitat succession following a fire event. The authors established the context dependency of crypsis in a color polymorphic species and the idea that visual predation and background matching may contribute to the differential distribution of dark and light phenotypes in a post-fire environment. This association between adaptive color polymorphism and habitat heterogeneity provides a marker for the conservation of habitat complexity and the prevention of fragmentation.

The chaparral ecosystem of California is characterized by a fire season that is crucial to the community ecology and assemblages of that region. Over the course of a seasonal cycle, the landscape undergoes significant changes to its visual characteristics, ranging from dark and soot covered immediately post fire to verdant in the winter. Background matching and selective perching behavior in the western fence lizard (Sceloporus occidentalis) have been studied as adaptations to fire (Lillywhite et al., 1977). The lizards are dark colored and have been found, through field sampling after the Laguna fire of 1970 and laboratory-based choice tests, to selectively perch on darker colored stalks after a fire. As the successive stages of post-fire recovery ensue, the lizards perch on different substrates, such as dark colored rocks, to match their background. While the efficacy of their background matching has not been tested with predation trials, the authors hold that predation may be the selective force driving the maintenance of this adaptation.



Marine

The wide-ranging impacts of coral bleaching caused by climate change have been well documented, but the exact causes of declines in coral associated fish species have yet to be comprehensively laid out with empirical evidence. Coker et al. (2009) have attempted to address this knowledge gap with their study on the predation of reef fishes after a coral bleaching event. Coral reefs are a crucial feature of benthic ecosystems, providing complex habitat structure that mediates and maintains biotic interactions. The disappearance of colors from reefs due to bleaching events effectively removes the background against which reef-dwelling fish have evolved complex colors and patterns for a range of functions. The authors found that two species of Indo-Pacific damselfish (Pomacentrus moluccensis and Dascyllus aruanus) experienced greater rates of predation due to mismatches between the bleached coral background and body coloration.

Hemingson et al. (2022) recently extended this link between coral bleaching events and reef fish body coloration by developing and using a novel measure of color at the community level. Using reef community composition data collected over 27 years from the Great Barrier Reef, they looked at broad changes in the color composition of the cryptobenthic reef-dwelling fish community after mass bleaching events. Immediately following a bleaching event in 1998, the focal reef community saw a decline in color area (a quantitative measure of fish abundance derived from non-metric multidimensional scaling) of over 30%. The development of community-level measures of coloration is a crucial step toward connecting visual ecology and conservation biology. The authors of the study have also particularly used the human visual system (RGB colorspace) to quantify coloration and to draw attention to the aesthetic function of coral reefs in garnering interest in marine conservation.

Large scale changes to the marine landscape can include increased levels of anthropogenic noise pollution. While the bulk of literature addressing the ecological consequences of noise from ports and ships examines their effects on acoustic channels of communication and signaling, Carter et al. (2020) showed that noise may have far reaching effects on carapace color change in the shore crab (Carcinus maenas). They tested the effects of ship noise on changes to carapace luminance in juvenile shore crabs over molts using playback experiments over 8 weeks. Crabs exposed to ship noise were found to have changed luminance significantly less than those exposed to control ambient noise. Luminance is often the most elementary measure of background and thus lends itself as a good indicator trait for anthropogenic stresses. Ship noise also resulted in crabs being less camouflaged to predator vision as modeled digitally. As camouflage and other visual defenses are the first layer of protection against predators, crabs must also adopt secondary defense mechanisms to employ once spotted by a predator. The authors also examined the effects of loud ship noise on juvenile crabs’ ability to respond to an artificial predator. Individuals exposed to the ship noise treatment were found to react to predation less often, and retreat into refuges slower than those exposed to ambient control noise. While the study did not look at the physiological mechanisms behind the effects of loud noise on luminance and color change, the authors posit that stress induced by noise may affect differential investment of resources (Sokolova et al., 2012) as well as the endocrinology of individuals. Color change and luminance change are tied to molting, which is regulated by hormones that are also associated with stress (Chung et al., 1999; Chung and Zmora, 2008). Luminance change during a molt is an energetically costly process to undergo and the energy budget is strained further by the increased metabolic rate associated with noise-induced stress (Wale et al., 2013).




APPLICATION

Thus far in the review, we have presented the impacts of anthropogenic landscape and climate change on the production, perception, and functionality of color patterns in a range of taxa. In demonstrating the inhibitory effects of environmental pollutants on the acquisition of pigments and pigmentary precursors, we suggest the use of ornamental color traits as non-invasive indicators of environmental change. The disruption of color signals and communication in terrestrial and aquatic systems by forest fragmentation, artificial light, and turbidity raises implications for the conservation of these systems. These anthropogenic modifications to the environment are particularly important as novel stimuli that can severely affect species and populations with low genetic or phenotypic variation and low levels of plasticity to accommodate these changes. The close link between the functionality of adaptive color phenotypes and climate and landscape factors especially highlights the need for conservation policies and practices that incorporate coloration and visual ecology.


Environmental Indicators

Coloration can be an indicator of environmental change. For example, ocean color remote sensing (OCRS) monitors ocean phytoplankton at potentially very large geographic scales. Started in 1998, the advantages of OCRS are access to biogeochemical proxies in remote areas, coverage several times each day, and the capability of separating chlorophyll concentrations and irradiance. Since it is satellite driven, OCRS can be obscured by cloud cover, sea ice or turbidity of river water that limit coverage (Babin et al., 2015). Nonetheless, ocean coloration can give us insights into the role of phytoplankton in marine biogeochemistry, the global carbon cycle, and responses of marine systems to climate change. It is a means by which we can monitor algal blooms, sediment plumes, and coastal eutrophication (Groom et al., 2019).

At a smaller scale, coral bleaching is a sensitive measure of the effects of changing sea temperatures because coral polyps expel zooanthellae which produce reactive oxygen species with increasing temperatures, and these are toxic to corals. Other triggers of bleaching are solar irradiance, changes in salinity, pollution, and ocean acidification (Hoegh-Guldberg, 1999). Rapid bleaching in response to environmental stress and the impact it has on the public make it an effective rallying point for addressing rising sea temperatures.

Normalized difference vegetation index is a method of measuring reflectance of the planet in the red and near-infrared bands (NIR) as viewed by satellite (Carlson and Ripley, 1997). Live plants absorb solar radiation but leaves re-emit it in the near-infrared because wavelengths > 700 nm are too small to be involved in molecule synthesis within the plant. Thus, normalized difference vegetation index is the ratio of (NIR – red)/(NIR + red) such that positive values indicate dense vegetation cover and hence intact undisturbed forests. This tool is also compromised by cloud cover, soil reflectance and atmospheric effects, especially water vapor.



Coloration as an Instrument for Conservation

There are numerous anecdotes and limited evidence that coloration in nature attracts people to it and promotes conservation sympathy (Caro et al., 2017). Temperate deciduous regions that witness autumnal color changes in foliage color are sources of seasonal tourism (Hall et al., 2011). In North America, people speak fondly of the colors of autumnal deciduous leaves in New England, the mid-west and in Canada and vacations are structured around these events. “Leaf peeping” as a tourist activity has seen a recent resurgence with lockdowns due to the COVID-19 pandemic forcing people to rediscover natural spaces in their neighborhoods (McMahon, 2020). Similarly, spring wildflower super-blooms (Figure 4) in California deserts and vernal meadows attract tourists each year. Accumulating evidence on the effects of natural spaces on human health shows that ecosystems with higher species diversity are likely to provide greater eco-system services in urban areas (Aerts et al., 2018). As our review demonstrates the link between biodiversity and color diversity, human health benefits may present a more compelling angle from which to push for the protection of natural spaces.
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FIGURE 4. Wildflower superbloom in Southern California, March 2020 (Photo by Tim Caro).


The Woodland Trust in United Kingdom advertises membership using brightly colored spring flowers.1 Examples of colorful animals being used in conservation are numerous and include poison dart frogs, toucans, parrots, and birds of paradise. For instance, penguin species with brighter red or yellow coloration feature more in publications (Stokes, 2007). In an experimental study, 19–29 year-old Czech citizens preferred lighter colored passerines, especially blue and green birds, although they preferred patterned birds if they had been manipulated to a gray scale (Lišková et al., 2015). Thömmes and Hayn-Leichsenring (2021) discovered that the birds with red color patches received more “likes” on Instagram than those with yellow patches while blue received more than any other color (Figure 5). At an institutional level, many nations prefer colorful species as their national birds (Table 2 and Figure 6).
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FIGURE 5. Human bird color preferences (η2 = 0.028). **The mean difference is significant at the 0.01 level. Adapted from Thömmes and Hayn-Leichsenring (2021).



TABLE 2. National birds of Latin America. Bold indicates colorful species.
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FIGURE 6. National birds of South American countries. Clockwise from the left: (A) Scarlet Macaw (Ara macao), the national bird of Honduras, by Bernard Dupont in Puerto Jimenez, Costa Rica. (B) Keel-billed toucan (Ramphastos sulfuratus), the national bird of Belize, by Lauri Vain at Macaw Mountain Bird Park and Nature Reserve, Honduras. (C) Turquoise browed motmot (Eumomota superciliosa), the national bird of Nicaragua and El Salvador, by Asa Berndtsson in Costa Rica. (D) Andean cock-of-the-rock (Rupicola peruviana), the national bird of Peru, by Jerry Thomspon at San Diego Zoo, United States. (E) Resplendent Quetzal (Pharomachrus mocinno), the national bird of Guatemala, by Cephas in Monteverde, Costa Rica. (F) Venezuelan Troupial (Icterus icterus), the national bird of Venezuela by Betty Wills at Bonaire, Venezuela.


Some systematic research has explored the ability of coloration in animals to generate willingness to pay for conservation activities. Prokop and Fančovičová (2013) manipulated pictures of conspicuous aposematic taxa and showed them to 10–20 year-old children and young adults in Slovakia. They found that conspicuous pictures elicited a greater willingness to protect the same species rendered cryptic. Curtin and Papworth (2020) found that British people from across a wide span of age-groups preferred imaginary animals that were multi-colored as opposed to those with fewer colors and that this went some way to predicting donations made to single species charities. These studies have implications for choosing flagship species that advertise nature and as educational tools, symbolize a nation’s natural heritage, promote the profile of an NGO, raise money, or help set up a reserve (Figure 7; Caro, 2010). But they carry a warning because colorful species may be more likely to be traded than duller species. Frynta et al. (2010) asked respondents to rank parrot species according to perceived beauty. They preferred species that were colorful, large, and long-tailed. Perceived beauty was positively correlated with size of the worldwide zoo population but not IUCN listing indicating zoos target beautiful but not endangered parrots for breeding.
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FIGURE 7. Charismatic and colorful flagship species from around the world used in conservation and restoration campaigns. Clockwise from top left: (A) Acinonyx jubatus (Cheetah in Sabi Sands by James Temple), one example of colorful and charismatic but endangered species used to head conservation campaigns and used often to promote eco-tourism and mammal conservation research in the southern African countries. (B) Enteroctopus dofleini (GFNMS—Giant Pacific Octopus—NOAA). Marine conservation organizations and the Monterey Bay and Seattle aquaria along the west coast of North America have used the Pacific giant octopus in promotional campaigns and merchandize to raise funds for their projects. (C) Amphiprion ocellaris (Clown anemonefish in Papua New Guinea by Nick Hobgood). The clown anemonefish (Amphiprion ocellaris) is instantly recognizable as a representative of tropical coral reefs and a recent study by Boudin et al. (2020) shows the effectiveness of the clownfish as a flagship to encourage conservation practices in young children, particularly in the context of the popular film Finding Nemo. (D) Oophaga histrionica (Harlequin poison frog by Mauricio Rivera Correa), often targeted by poachers for the illegal pet trade due to their striking color patterns. (E) Panthera tigris (Tiger drinking water, Mudumalai National Park by Timothy A. Gonsalves), the iconic symbol of Indian wildlife conservation, with the establishment of protected areas such as national parks and tiger reserves based around tiger populations. (F) Calypte anna (Anna’s hummingbird, UC Berkeley Botanic Garden by Becky Matsubara), with its striking patch of iridescence, is used by University of California Master Gardeners to encourage California residents to convert monoculture residential lawns to native wildlife supporting gardens.





AVENUES FOR FUTURE RESEARCH

Here, we briefly outline a series of future research possibilities on coloration and conservation as they relate to production, perception, function and application. Regarding the production of color, we see that the establishment of baseline levels of color diversity and saturation in populations is important for monitoring trends and trajectories of the evolutionary ecology of taxa. Using color as a qualitative measure of the health of an ecosystem presents a relatively non-invasive avenue for investigating the effects of large-scale landscape changes on phenotypic diversity, and by extension, the general biodiversity of a system. As this review and others (Lifshitz and St Clair, 2016; Peneaux et al., 2021) have established, environmental stressors such as metallic pollutants and herbicides have traceable impacts on the acquisition and deposition of pigments such as carotenoids and melanins in a range of avian species. The investigation of the effects of these stressors on other color pigments such as pteridines, psittacofulvins, and ommochromes presents another valuable path for future research. This would also widen the range of taxa capable of being monitored on the basis of coloration.

With regard to color perception in anthropogenically altered habitats, it is necessary to establish large scale quantitative measures of color traits along gradients of environmental change. These metrics may be constructed through systematic meta-analyses of each eco-system type to create standards against which climate change and landscape change can be assessed. By determining linkages between the phenotypic plasticity of color traits to genetic and epigenetic variation, we may more accurately evaluate the mechanisms by which color traits are affected by anthropogenic changes to the environment. Finally, color based measures of environmental changes may present more visually appealing ways of engaging with the general public when communicating climate and conservation science.



CONCLUSION

Reviews that bridge the link between visual ecology and human induced environmental changes are limited at present (Delhey and Peters, 2016; Peneaux et al., 2021; López-Idiáquez et al., 2022). While sensory ecology research relies heavily on the observation of changes in the environment—for example, seasonal camouflage and associated color change, seasonal polyphenism in butterflies—anthropogenic changes to the environments are only recently being factored into coloration studies. Delhey and Peters (2016) addresses the documented effects of changes in the visual environment on visual ecology, while we have attempted to cover the impacts of broader anthropogenic changes in climate and land-use. Peneaux et al. (2021) lays out an argument for carotenoid-based coloration in avian species to be used as an indicator of environmental pollution for monitoring the health of wild populations. While the bulk of literature studying the effects of environmental pollution on pigment production and deposition is skewed toward avian species, we attempt to make a case for using color as an indicator of pollution. The effects of anthropogenic noise on acoustic communication and signaling have been well-documented, with recent reviews by Chhaya et al. (2021) and Duquette et al. (2021) comprehensively covering the implications of anthropogenic noise and acoustic ecology for conservation.

In this review we have tried to unpick the relationship between coloration and anthropogenic change to show that coloration in nature as viewed in 1900 will not be the same as coloration viewed in 2100. Changes will be brought about by alterations in pigment production and structural coloration influenced by dietary changes, themselves mediated by landscape change. Changes in air or water transmission media will create new selection pressures on signal coloration usually making species less colorful. Changes in climate and landscape will alter the strength of selection by effecting coloration-background mismatch in color changing organisms and polymorphic species. More optimistically, coloration as an indicator of landscape change, and at a large scale has the potential to attract people’s interest in nature and promote funding and effort toward the conservation agenda. Nature’s palette is always changing due to alteration in natural and sexual selection pressures but now we can expect some rapid changes ahead.
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