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Abstract

:

Simple Summary


The eye in birds has evolved through time to facilitate foraging and detect potential threats, such as predators. The size of the eye affects how much light is captured and image resolution. Eye size varies across species, and this variation is typically associated with the availability of light in the environment and the foraging needs of each species. Larger eyes could also allow species to detect distant predators more easily, but this has not been tested across species. I predicted that species that are averse to risk and those exposed to high predation risk benefit from larger eyes to enhance the detection of predators. I performed an analysis using 660 different species of birds with various foraging needs and life histories. Controlling for relatedness among species and known correlates of eye size in birds, I found that species that emphasize survival over reproduction, which are expected to be risk-averse, have larger eyes relative to their body size. In addition, species that live alone and cannot rely on others in their groups to decrease the risk of predation also have larger eyes. The results show that the risk of predation through its association with life history and sociality can shape variations in eye size across species of birds.




Abstract


Over evolutionary times, the eye has acquired several adaptations to improve feeding efficiency and reduce predation pressure. Eye size, in particular, represents a target for selection, as it affects light capture and image resolution. Previous research on variation in eye size across species has focused on ecological factors related to light availability and foraging needs. Larger eyes are also thought to allow species to detect distant predators more easily, but this conjecture has not been examined across species. I predicted that risk-averse species or those exposed to high predation risk benefit from relatively larger eyes to enhance predator detection. To test the prediction, I performed a comparative analysis involving 660 species of birds while controlling for phylogeny, body size and other known ecological correlates of eye size. The results show that species at the slow end of the life history continuum, which emphasize survival over reproduction and are expected to be risk-averse, have evolved relatively larger eyes. In addition, solitary species, which cannot rely on others in their groups to decrease predation risk, are also characterized by relatively larger eyes. The results indicate that predation risk, through its association with life history and sociality, is an important ecological factor in the evolution of eye size across species.
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1. Introduction


Through evolutionary times, the eye has acquired several adaptations to allow birds to detect food and predators more efficiently. Variations in retinal anatomy, for instance, allow birds to forage at low light levels [1] or in aquatic environments [2] to monitor threats on the horizon [3] and to track and capture fast-moving prey [4]. The size of the eye also represents a target for selection, as it affects focal length and image resolution. Indeed, larger eyes by themselves or in relation to body size can collect more light and allow better resolution of farther objects, such as approaching predators [5,6]. Evolving larger eyes, however, is costly, as visual processing in the brain can compete for limited space with other neural processes [7]. Larger eyes are also metabolically more costly to maintain [8]. Eye size, after accounting for allometric scaling with body size, is thus viewed as an evolutionary compromise reflecting the ecology and visual needs of each species.



Comparative analyses have highlighted several ecological predictors of variation in eye size across birds. For instance, birds that forage at low light levels tend to have relatively larger eyes to better capture elusive light. This is the case for nocturnal species and those that occupy more visually cluttered habitats [9]. Birds that feed on moving prey also tend to have relatively larger eyes [10,11], which might provide the necessary acuity to track and capture distant prey.



Relatively larger eyes might also allow species to detect threats earlier, suggesting that predation risk can also alter eye size [12,13,14]. In contrast to research on other senses, such as hearing [15], comparative analyses on eye size have surprisingly paid little attention to ecological factors associated with predation risk. The general hypothesis is that species that are risk-averse or that are exposed to high predation risk benefit from relatively larger eyes to enhance predator detection. Here, I explored whether two factors related to predation risk, namely life history and sociality, influence eye size across birds.



Life history is often viewed as a continuum of strategies involving reproduction and survival [16]. Species at the slow end produce fewer offspring and tend to live longer, whereas species at the fast end have shorter lives but reproduce more. Due to the emphasis on adult survival, species at the slow end of the continuum are considered less likely to accept risk on themselves to ensure their own survival and future reproduction. By contrast, species at the fast end of the continuum might accept more risk on themselves, as their probability of breeding again is low. In general, species that emphasize adult survival and future reproduction are expected to be more cautious [17], which favors the evolution of traits that reduce predation risk. The evidence thus far supports an association between life history and risk taking. For instance, species at the slow end of the continuum tend to flee sooner when predators approach [18,19,20], have higher levels of hormones involved in reducing risk [21] and take fewer risks when raising their young [22]. Therefore, I predicted that species at the slow end of the life history continuum benefit from relatively larger eyes to reduce predation risk.



Species also vary in their sociality. Some species are strictly solitary and seek others only during reproduction, whereas others occur in groups throughout their lives. Living in groups has long been viewed as an anti-predator adaptation [23]. In particular, the presence of companions can increase the ability to detect approaching predators at the group level and dilute risk among all group members. Empirical research suggests that sociality through such mechanisms can reduce predation risk. Mortality for some species tends to be lower in groups with more individuals [24,25,26,27]. Across species, mortality often decreases in species that feed in flocks rather than alone [28,29,30,31]. Mortality through predation only is also lower in species forming larger groups [32,33]. As solitary species cannot rely on others to decrease predation risk, I predicted that they benefit from relatively larger eyes to increase predator detection.



I tested these two predictions using a large number of avian species. Eye size has a strong phylogenetic signal [9], indicating that sister species tend to have similar eye sizes. In addition, eye size increases allometrically with body size [9,10,11,34,35]. Therefore, I used a phylogenetic framework to examine ecological predictors of eye size across birds while controlling for body size. I also included in the model other known correlates of eye size, such as diet and foraging substrate, as many of these factors are also associated with sociality [36] and could act as confounders.



In addition to body size, I considered the following correlates of eye size. Relative eye size varies with habitat type. In particular, closed or semi-open habitats characterized by low light levels favor relatively larger eyes [9,11]. Diet can also influence eye size through prey characteristics. For instance, relative eye size is typically larger for species that feed on mobile prey, such as insects or vertebrates, rather than immobile items such as fruits or nectar [9,10,11]. Species that forage on distant prey (hyperopic species) are expected to have relatively larger eyes than those that forage on nearby food items (myopic species) to increase focal length [9]. The substrate for foraging can influence eye size by changing the amount of light available. Low light for aquatic foragers or those foraging closer to the ground in terrestrial habitats favors relatively larger eyes [9,37]. The timing of activity is thought to influence eye size again through the amount of light available for crepuscular species and those foraging at night, having relatively larger eyes to capture elusive light [10,11,35,38]. Species that migrate might have relatively smaller eyes for energy saving in the face of costly movements [9,11]. Areas closer to the tropics are thought to have darker forests and dimmer light, which might favor the evolution of larger eyes closer to the equator [9].




2. Materials and Methods


2.1. Data Collection


For eye size, I obtained vertical (V) and horizontal (H) transverse diameters for one or more preserved eye specimens from one study of a large number of avian species [34]. Assuming a spheroid shape [10], I calculated mean eye size as a volume (cc) for each species using the above two transverse diameters with the following formula: 4/3 × π × H2 × V. As an additional measure of eye size, I used axial length, which was also measured for the same specimens by Ritland. Axial length represents the distance between the anterior (surface of the cornea) and the posterior poles (surface of the retina) of the eye. Ritland also provided estimates of body mass for each species with eye measurements.



I relied on a published dataset for information on sociality [36]. The sociality index is the occurrence of flocks during foraging. A flock is defined as any roving group with more than two adults searching for food, excluding family parties. The classification for flocking distinguishes between species that form flocks on a regular basis (flocking) versus those that flock irregularly (occasional) or not at all (solitary). Pooling the two datasets yielded species with full information on sociality and two measurements of eye size, namely eye volume and axial length.



For each included species, I extracted from the literature additional information for other variables (Table 1). From Beauchamp (2022) [36], I obtained data for annual adult survival, the latitude of the study site where adult survival was estimated, the timing of activity, migration and clutch size. I used a published standardized classification for diet (the main food items in the diet) and foraging substrate (where foraging occurs) [39]. For terrestrial species, I also considered whether foraging occurs mostly on the ground (50% of the time or more) or above the ground in the under-story, the mid-story or the canopy. I used another published classification for habitat, as it relates to light availability [40]. For foraging maneuvers, I used a published classification that distinguishes between myopic species, which target food items in the immediate vicinity, and hyperopic species, which target food at a distance [9].




2.2. Data Analysis


As annual adult survival, body mass and clutch size are strongly correlated, I used a phylogenetic PCA to extract independent components [43]. The first component had a strong negative load for annual adult survival (−0.77) and a strong positive load for clutch size in the log10 scale (0.77), suggesting that larger values on this axis represent faster life histories. The second component had a strong positive load for body mass in the log10 scale (0.90) and was interpreted as a body mass axis. The correlation between the second component and body mass in the log10 scale was high (r = 0.97), so I used this component for allometric purposes.



I used a phylogenetic regression model from the phylolm package [44]. The dependent variable was eye volume in the log10 scale in one model and axial length in the log10 scale in the other. The set of independent variables included the two PCA components, diet, foraging substrate, foraging maneuver, timing of activity, habitat, migration, absolute latitude, and sociality. For phylogenetic relatedness, I included the variance–covariance distance matrix for the included species. The distance matrix was obtained from a 50% majority consensus tree constructed from a set of 1000 phylogenetic trees [45]. The consensus tree and branch lengths were obtained from the ape package [46]. The phylogenetic model was run under three different evolutionary scenarios (Brownian motion, Pagel’s lambda and Orhstein–Uhlenbeck) available in the phylolm package. I used AIC to determine the model with the best fit. For eye volume and axial length, the model with the smallest AIC was Pagel’s lambda, which was used subsequently for statistical inference (Figure 1).



The assessment of multicollinearity was performed using variance inflating factors for the independent variables included in the phylogenetic regression model. All VIFs were below 5, indicating, at most, moderate multicollinearity (Table S1). A threshold of 5 is often used to indicate serious issues with multicollinearity [47]. The assessment of the normality of residual values for the phylogenetic regression model was performed with quantile–quantile plots. The residual plots showed a good general fit to the normal distribution but revealed two outliers. The outliers turned out to be two kiwi species (Apteryx spp.), which are large, nocturnal birds with very small eyes for their size [35].



For each model, I used the rr2 package to calculate the R2 for the full models, including the phylogenetic signal and ecological variables as well as the partial models including only the phylogenetic signal [48]. The difference between the two R2 provides the percentage of variation explained by the other independent variables.





3. Results


The dataset consisted of 660 species belonging to 136 families (Table S2). Species ranged in size from 3 to 75,000 g with varied life histories, diets, foraging substrates and sociality. Eye volume exhibited a strong phylogenetic signal (λ = 0.96). The R2 for the full model was 0.94, and the ecological variables in the phylogenetic linear model explained 19.4% of the variation in eye volume across birds (Table 2).



Eye volume increased in species with a larger body mass index and decreased for species with faster life histories (Figure 2, Table 2). Controlling for phylogeny and allometric relationships, eye volume was larger in species that forage in more closed habitats, in more solitary species and in hyperopic rather than myopic species (Figure 3, Table 2). Eye volume was smaller in aquatic species and larger in aerial species than that in terrestrial species (Table 2). In terrestrial habitats, eye volume tended to decrease farther away from the ground, but this effect did not reach statistical significance (Table 2). Eye volume was not associated with diet, absolute latitude, migration or the timing of activity (Table 2).



Eye size as measured by axial length also exhibited a strong phylogenetic signal (λ = 0.96). The R2 for the full model was 0.94, and the ecological variables in the phylogenetic linear model explained 20.3% of the variation in axial length across birds (Table S3). As with eye volume, axial length increased with body mass and decreased with faster life histories. Axial length was also larger in more solitary species. For the remaining ecological variables, the same effects were recovered for axial length as those for eye volume (Table S3).




4. Discussion


Eye size in birds, as measured by eye volume and axial length, showed a strong phylogenetic signal and was allometrically related to body mass. After correcting for phylogeny and body mass, I found strong support for the prediction that predation risk, through its association with life history and sociality, influences eye size across birds. In particular, species at the slow end of the life history continuum and more solitary species have evolved relatively larger eyes.



The association between eye size and life history fits with the asset protection principle whereby animals invest more in anti-predator defenses when they have more to lose in terms of future reproductive potential [17]. In this study, species at the slow end of the life history spectrum, which emphasize adult survival over reproduction, have evolved larger eyes, which is helpful in reducing predation risk by allowing earlier detection. Consistent with the concept of risk aversion, empirical studies have documented more caution with respect to predators for species at the slow end of the life history continuum [18,19,22]. These studies have focused on behavioral responses to risk. This study shows that bird species with different life histories can also differ in morphological traits with an anti-predator function, such as the eye. This is similar to the idea that predation in general can lead to the evolution of morphological traits aimed at reducing predation risk [49].



The association between eye size and sociality fits with the idea that high predation risk associated with solitary living can select for the evolution of relatively larger eyes. Although species that forage alone rather than in flocks often experience higher risk [32,33], foraging alone or in flocks is also associated with particular ecological niches that, on their own, might affect eye size independently of risk. For instance, flocking in birds is associated with body mass, diet, the timing of activity and foraging substrate [36], and many of these variables are also correlates of eye size [9,10,11,35]. As I included these potential confounding effects in the phylogenetic model, the association between sociality and relative eye size was not an indirect effect of the above co-factors. Life history is also associated with ecological niches in general [16] and with flocking in birds as well [36]. Accounting for confounding variables, life history and sociality were both independently associated with relative eye size.



The idea that predation risk in general can influence eye size has received less attention than other variables such as diet, foraging substrate and the timing of activity. In birds, species facing more predation risk tend to flee at larger distances from potential threats and have evolved relatively larger eyes [13]. In a fish, an increase in predation risk was associated with a decrease rather than an increase in eye size [14], but larger eyes in fish are more reflective and might attract rather than deter predators. In two invertebrate species, by contrast, larger eyes evolved in habitats with more predators [50,51]. More arboreal snakes, which are exposed to more predation threats than terrestrial species, also tend to have larger eyes [52]. Limited evidence thus far supports a role for predation risk in the evolution of eye size.



The calculation of eye volume assumes that the eye is a spheroid. Although this assumption is common in the literature [10,11,13], it is clear that eye shape in some species may not fit this model [38]. Nevertheless, the association between eye size and life history or sociality remained significant regardless of whether eye size was measured as a volume or using one diameter (here axial length). It thus appears that, over evolutionary times, demand for larger eyes in relation to predation risk was met by an increase in axial length as well as other diameters of the eye.



Changes in axial length alone can increase visual acuity by allowing the formation of a larger image on the retina [53]. Ecology can have a greater influence on axial length than on eye volume in some cases [38]. Nocturnal species, for instance, tend to have longer axial lengths compared to those of diurnal species with a smaller difference in eye volume [11]. Here, neither axial length nor eye volume was associated with the timing of activity. This could be explained by differences in the ecological variables considered in the models. Liu et al. (2023) [11] did not consider life history and sociality in their model. As many nocturnal species are long-lived and rather solitary, the timing of activity after taking into account these two ecological variables might explain relatively little else in eye size. The same reasoning might apply to latitude, where tropical species tend to have larger eyes [9]. Ausprey’s model (2021) [9] did not consider life history. Latitude is likely subsumed in the life history axis that I considered, as tropical species have a slower pace of life [54].



Species foraging on the ground have relatively larger eyes to capture more elusive light in this forest stratum [9]. My model recovered this trend, but the effect was not significant, perhaps reflecting the lower power in my study and additional variables included in the model. If solitary species forage on the ground more often [55], the relatively larger eyes of solitary species could be explained by the darker habitat they inhabit rather than sociality. However, the effect of sociality persisted after controlling for foraging stratum.



This study has limitations. Although the number of species included in the analysis was large, it still represents only a fraction of the total number of known avian species [56]. In addition, eye size measurements were typically available for only one specimen per species [34]. Future studies will benefit from a larger number of species and more robust estimates of eye size. My analysis could be extended to other taxa with available eye size measurements, such as frogs, snakes and mammals [11,37,52,57]. In addition to life history and sociality, various other correlates of predation risk might be considered in future studies. For instance, species that are less susceptible to predation because of camouflage or chemical defense might be expected to evolve relatively smaller eyes.



Eye size is but one aspect of the visual system in birds. Predation risk could also influence other features, such as retinal specialization and visual field configuration, but comparisons across species are scant [58]. Opportunities thus exist to examine further whether predation risk is a general factor in the evolution of eye size and the overall visual system in animals.




5. Conclusions


In a phylogenetic framework and controlling for known correlates of eye size across birds, the results of this study show that the risk of predation can predict variations in eye size across species of birds. In particular, species at the slow end of the life history continuum, which are considered risk-averse, and those that live alone, which cannot rely on others in their groups to reduce predation risk, have evolved relatively larger eyes. This was true when eye size was estimated as a volume or using axial length.
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Figure 1. The phylogeny used for the analysis is based on a consensus tree. Residuals from a log–log phylogenetic regression of eye volume against body mass are shown for each species. Species with relatively larger eyes than expected from their body size are shown in blue shades, and those with relatively smaller eyes than expected from their body size are shown in red shades. The position of selected families is shown. 
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Figure 2. Residual eye volume (cc) as a function of the pace-of-life PCA axis for the three different types of sociality across birds. Residuals are taken from the full phylogenetic model with all variables minus the pace-of-life PCA axis. Larger residual eye volumes indicate that eyes are larger than predicted given the size of a species and its ecology. Larger values on the PCA axis are interpreted as faster life histories. 
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Figure 3. The relationship between residual eye volume (cc) and selected ecological predictors in birds. Residuals are taken from the full phylogenetic model with all variables minus the target variable. Larger residual eye volumes indicate that eyes are larger than predicted given the size of a species and its ecology. Box and whisker plots show the mean and interquartile range, and the whiskers extend to 1.5 times the interquartile range (outliers are shown as dots). The sample size for each category is shown under each box. In panel (A): flocking (F), occasional (O) and solitary (S). In panel (B): fruits/nectar (F), invertebrates (I), omnivores (O), plants/seeds (P) and vertebrates (V). In panel (C): aerial (AE), aquatic (AQ), terrestrial-canopy (TC), terrestrial-ground (TG), terrestrial-mid-story (TM) and terrestrial-under-story (TU). In panel (D): hyperopic and myopic foraging maneuvers. 
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Table 1. Definition of variables potentially associated with eye size across birds.
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	Variable
	Level
	Definition
	References





	Habitat
	Closed
	Habitats with dense vegetation and low light levels (e.g., under-story)
	[40]



	
	Semi-open
	Habitats with sparse vegetation and moderate light levels (e.g., open forest and shrubland)
	



	
	Open
	Habitats with little light obstruction (e.g., desert or water)
	



	Diet
	Fruits and nectar
	Diet composed primarily of fruits and/or nectar
	[39]



	
	Invertebrate
	Diet composed primarily of invertebrates
	



	
	Omnivore
	A mixed category
	



	
	Plants
	Diet composed primarily of plant parts or seeds
	



	
	Vertebrate
	Diet composed primarily of vertebrates, including carrion
	



	Foraging substrate
	Aquatic
	Foraging in aquatic habitats (e.g., shores, lakes, sea)
	[39]



	
	Aerial
	Foraging in the air
	



	
	Terrestrial-ground
	Foraging in terrestrial habitats on the ground
	



	
	Terrestrial-under-story
	Foraging in terrestrial habitats in the under-story
	



	
	Terrestrial-mid-story
	Foraging in terrestrial habitats in the mid-story
	



	
	Terrestrial-canopy
	Foraging in terrestrial habitats in the canopy
	



	Sociality
	Flocking
	Foraging in flocks most times
	[36]



	
	Occasional flocking
	Foraging in flocks or alone
	



	
	Solitary
	Foraging mostly alone
	



	Timing of activity
	Diurnal
	Foraging primarily during the day
	[41,42]



	
	Nocturnal
	Foraging primarily at night
	



	
	Diurnal/nocturnal
	Foraging diurnally or nocturnally
	



	Migration
	Resident
	No directional movement during non-breeding season
	Cornell Laboratory of Ornithology Birds of the World



	
	Migrant
	Short- or long-distance directional movement during non-breeding season
	



	Foraging maneuver
	Myopic
	Foraging primarily on nearby food items (e.g., gleaning)
	[9]



	
	Hyperopic
	Foraging primarily on distant prey items (e.g., sallying)
	



	Latitude
	-
	Absolute latitude of the study site used to determine annual adult survival
	[36]



	Body mass
	-
	PCA axis related to estimated body mass
	This paper



	Life history
	-
	PCA axis based on annual adult survival and average clutch size
	This paper










 





Table 2. Results from a phylogenetic linear model for the effect of habitat, diet, foraging substrate, sociality, timing of activity, migration, latitude, foraging, body mass and life history on eye size in birds (n = 660 species).
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	Factor
	Level
	Estimate (SEM)
	p-Value





	Intercept
	-
	0.29 (0.21)
	0.17



	Habitat
	Semi-open vs. closed
	−0.027 (0.015)
	0.07



	
	Open vs. closed
	−0.080 (0.019)
	<0.0001



	Diet
	Fruits/nectar vs. invertebrates
	−0.025 (0.029)
	0.39



	
	Omnivore vs. invertebrates
	−0.0033 (0.017)
	0.84



	
	Plants/seeds vs. invertebrates
	−0.012 (0.028)
	0.65



	
	Vertebrate