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The visual environment provides vital cues allowing animals to assess habitat quality, weather conditions or measure time of day. Together with other sensory cues and physiological conditions, the visual environment sets behavioral states that make the animal more prone to engage in some behaviors, and less in others. This master-control of behavior serves a fundamental and essential role in determining the distribution and behavior of all animals. Although it is obvious that visual information contains vital input for setting behavioral states, the precise nature of these visual cues remains unknown. Here we use a recently described method to quantify the distribution of light reaching animals’ eyes in different environments. The method records the vertical gradient (as a function of elevation angle) of intensity, spatial structure and spectral balance. Comparison of measurements from different types of environments, weather conditions, times of day, and seasons reveal that these aspects can be readily discriminated from one another. The vertical gradients of radiance, spatial structure (contrast) and color are thus reliable indicators that are likely to have a strong impact on animal behavior and spatial distribution.
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Introduction

As humans, it is easy to relate to the impact that visual environments have on our mood and its profound effects on what we desire to do. We want to remain in beautiful environments but cannot wait to get away from places we find visually displeasing. Our preferred activities clearly differ between sunny and overcast days, as well as between the intense mid-day sun, the warm light of the setting sun or the blueish light at late dusk. These things feel almost too obvious and natural to realize that it is in fact a superior behavioral control at play.

All animals need to select habitats and continuously pick the right activities from their behavioral repertoire. These choices differ between diurnal, crepuscular, and nocturnal species and depend on their size, food source, main threats, and numerous other factors. The species-specific choice of where to be and what to do under different times of day and different environmental conditions is one of the fundamental pillars shaping ecological systems (Davies et al., 2012). Sensory information from the environment together with internal physiological conditions (hunger, fatigue, etc.) provide the information that sets behavioral states, which in turn determines the activities that each species is prone to engage in at any one time (Gurarie et al., 2016; Mahoney and Young, 2017; McCormick et al., 2020). If an environment changes, it will alter the input to behavioral states, and potentially change the activities or whereabouts in a species-specific manner.

The external information used to set behavioral states is obviously multimodal. Temperature and olfactory cues are undeniably important (Abram et al., 2016; Breugel et al., 2018), but vision arguably provides the largest amount of information for a vast number of species. Animals use vision to find suitable habitats, position themselves optimally in the habitat and select the behaviors that make best sense in the current place, time, and environmental condition. Especially for assessing the type of environment and determining the time of day and the current weather conditions, vision provides rich and reliable information.

However, it is not immediately obvious which aspects of visual information provide input to behavioral states. The position and movement of visible structures are used for orientation behaviors and active interactions with the environment, and they are often considered to be the main or only relevant type of visual information (Carandini et al., 2005; Sanes and Zipursky, 2010; Clark and Demb, 2016). But these aspects of visual information do not say much about the type of environment, time of day, season, or weather conditions. However, the visual structures used for active vision are seen against a background, which is often considered as redundant visual information. To reduce the amount of information and economize on both time and cost of processing, early visual processing in the nervous system is believed to remove much of the visual background (Wandell, 1995; Olshausen and Field, 2004). The absolute intensity and spectral balance, or large gradients of these across the visual field, are typically considered as mere disturbances to the visual information. But the visual background is far from superfluous. It specifically contains information that can be used to read the type of environment and the current conditions.

Until recently, there has been a lack of methods for quantitatively describing the visual background. With the environmental light field (ELF) method (Nilsson and Smolka, 2021), there is now a tool by which visual environments, in particular the general background, can be comprehensively quantified (Figure 1). As a function of elevation angle, the ELF method measures the absolute intensity (photon radiance), the intensity variations (contrasts), and the spectral balance. In principle, the ELF method describes the vertical gradients of intensity, visual structure and spectral balance in the environment. These are the features that remain when scene-specific information is removed. The vertical light gradients depend on the type of environment, its quality, and the current conditions (time of day, weather, season, etc.) (Nilsson and Smolka, 2021). This is exactly the information animals need for assessing their environment and selecting relevant behaviors. If we can quantify the visual background in different habitats and how it varies with time of day and current environmental conditions, we can tap into the information that animals most likely use for deciding where to be and what to do.
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FIGURE 1
Vertical light gradients in three forest environments recorded with the ELF method (Nilsson and Smolka, 2021). For each environment, radiance data sampled from many different positions (scenes) in the environment is plotted as a function of elevation angle. An average image (compressed in azimuth) from the contributing scenes (180° by 180°) is shown to the left, followed by panels showing the intensity (radiance) on an absolute log-scale, the intensity range on a relative log-scale (dark gray, 50% of all intensities; light gray, 95% of all intensities), and to the right, the contribution of red, green, and blue light plotted on a relative log scale. (A) A wet tropical forest at the center of Praslin Island, the Seychelles (measurement based on 51 scenes, 29 December 2017, start 15:16, duration 51 min). The dense forest is dominated by coco-de-mer and other palm trees with leaves at multiple levels. (B) A managed beech tree forest, close to Maglehem, southern Sweden (measurement based on 13 scenes, 14 May 2015, start 13:55, duration 4 min). Smaller trees and bushes are largely cleared, leaving largely open space under the dense but translucent canopy. (C) Dense sequoia forest, Sierra Nevada, California, United States (measurement based on 31 scenes, 17 April 2015, start 12:02, duration 42 min). All environments, (A–C), were measured on clear, sunny days when the sun was at least 45° above the horizon.


Here, we compare the vertical light gradients from different environments, seasons, times of day, and weather conditions. Based on these comparisons, we characterize the visual background information to identify aspects of the information that animals may use for assessing the environment and setting behavioral states. We specifically test whether different landscapes and their current condition can be reliably determined by information extracted from the vertical gradients of intensity, spatial structure (image contrasts), and spectral balance.



Materials and methods

Vertical light gradients were measured from raw images taken with digital cameras (Nikon D810 or D850) equipped with a 180° lens generating circular images (Sigma 8 mm F3.5, EX DG Fisheye) (see Nilsson and Smolka, 2021 for details). The camera was oriented horizontally, such that the image covered all elevation angles from straight down (−90°) to straight up (+90°). To extend the dynamic range, daylight and twilight scenes were captured using bracketing with three different exposures (automatic exposure ±3 EV steps). Night-time scenes with only starlight were captured with the camera on a tripod and a single exposure of 8 min, followed by another 8 min exposure with the shutter closed (to quantify and subtract sensor-specific dark-noise). For comparisons of different environments and different weather conditions, we sampled some 10–30 different scenes within each environment to produce “average” environments with a minimum of scene-specific bias. For comparisons over time (24 h), we used a single scene with the camera mounted on a tripod. Under-water measurements were made using a custom-built under-water housing with a hemispherical dome port centered around the anterior nodal point of the fisheye lens (to obtain identical angular mapping in terrestrial and aquatic environments).

Images were analyzed using open-source software described in Nilsson and Smolka (2021). This software uses radiometric calibration files to compute the median radiance, together with the 50–95% range of data, as a function of elevation angle. Calculations were made separately for the red, green and blue channels. Calculations were performed at the full resolution of the camera, but the output was binned for 3° bands of elevation (and 180° azimuth), effectively generating a resolution of 3° for elevation angles. Calibrations were made in photon flux per nm wavelength, providing comparable values for white-light and individual spectral channels. Radiances are given as log10 values to provide manageable numbers over the full range of natural intensities from night to day. Using median rather than mean values, returns “typical” radiances for each elevation angle, where any strong light sources are represented mainly as peaks on the upper bound of the 95% range. The computed data was plotted in three different panels showing the vertical gradients of (1) median radiance (intensity) for white-light, (2) range of intensities (50–95% data range, normalized to the median radiance) and (3) the relative radiances (relative color) of red, green and blue light (normalized to the median white-light radiance).

For spectral sensitivity of the red, green and blue channels of Nikon D810, see supplementary information to Nilsson and Smolka (2021). The spectral sensitivities of Nikon D850, used for some of our measurements, is very similar and displayed in Supplementary Figure S1 for this manuscript. For both camera models, the median wavelengths of the spectral channels are: blue 465; green 530; and red 610 nm. As computationally demonstrated in the supplementary information of Nilsson and Smolka (2021), the spectral balance curves for environment measurements are not very sensitive even to larger changes in the spectral sensitivities of the camera, implying that other radiometrically calibrated models or makes of RGB cameras (with color image sensors having red, green, and blue pixels) would provide close to identical measurements. The reason for this robustness is that the spectral curves summed over 180° azimuth bands are always very broad in natural environments.

To give a visual impression of the vertical gradients, the software also generates an equirectangular image projection of the scene or average environment (horizontally compressed in our figures).



Results

For more than a decade, we have used the ELF method to measure vertical light gradients in a large range of natural environments from across the world. The measurements have been performed at different times of day, weather conditions and seasons. From this large collection of data, we here use selected typical measurements to identify the features of vertical light gradients that carry information about the type of environment, time and weather.

In Figure 1 we compare three different forest environments (a dense tropical forest dominated by coco-de-mere and other palm tree species, a managed beech tree forest, and a sequoia forest). The vertical light gradients differ significantly and in many ways between the different forests. The radiance gradient (in the text referred to as intensity gradient) has a steeper slope (more light from above than from below) in the managed forest, with a dense canopy but little undergrowth, compared to the tropical forest with multiple layers of vegetation. In the sequoia forest, the intensity gradient has an obvious C-shape that we have seen also in other coniferous forests with cone-shaped trees (spruce). By a large margin, the tropical forest is the darkest (note that the intensity values are logarithmic, and a difference of one represents 10 times difference in intensity). Other differences are seen in the range plots, where the glossy but opaque leaves of the tropical forest generate a characteristic P-shape caused by high intensity spots of specular reflections centered around the direction of the sun. This phenomenon is not seen in the beech forest with its more translucent leaves. The color gradients are also markedly different between all three types of forest, especially the relative amount of blue light and the inflection of the red and green curves. These spectral differences depend heavily on the fractions of light reflected or transmitted through the foliage.

Semi-open environments (Figure 2) differ from dense forests by significant amounts of direct skylight/sunlight or diffuse light from clouds. This causes a characteristic shift in the spectral balance (color) at the skyline. On clear days (at which all three data sets in Figure 2 were acquired), the sky is always dominated by blue light, with less green and even less red. Below the skyline, this order is reversed because vegetation and other organic material are often poor at reflecting blue light but efficient in reflecting red. Fresh green leaves favor green, whereas red dominates in light reflected from dirt, leaf litter and non-photosynthesizing parts of plants. The intensity and range gradients depend much on the type of vegetation, how tall it is, how far apart trees and bushes are and how dry or lush the vegetation is. The color of the ground is also a matter of great variation. An obvious example (Figure 2) is the Australian bushland environment, which has a bright ground dominated by dry mineral dirt, whereas the environments from Sweden and Cape Verde have a much darker ground dominated by organic matter.
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FIGURE 2
Three different semi-open environments. (A) Open woodland, close to Kivik, southern Sweden (measurement based on 20 scenes, 29 March 2020, start 15:12, duration 5 min). (B) Dry bushland at Mt. Garnet, Queensland, Australia (measurement based on 26 scenes, 3 December 2012, start 10:03, duration 14 min). Here, eucalypt trees are separated by dry grass. (C) Shrubland at Serra Malagueta National Park, Santiago, Cape Verde (measurement based on 14 scenes, 6 December 2016, start 15:08, duration 6 min). In this lush mountainous terrain, low trees are mixed with bushes. All environments, (A–C), were measured on clear, sunny days when the sun was at least 45° above the horizon.


In fully open environments, where little or no vegetation lifts the skyline above the horizon, the vertical light gradients are split sharply by the horizon (Figure 3). On clear days, the sky intensity gradient is revealed in full, with the highest intensities just above the horizon. If the ground reflects much light, as in the Californian lakebed, intensities below the horizon may significantly exceed those of the sky (note that direct sunlight does not contribute much to sky median intensity, but it does illuminate the ground). The elevation of the sun is visible mainly as an intensity peak on the 95% data range of the range graphs. A bare ground also leads to narrow range profiles, whereas vegetated ground, as in a meadow, generates a broader range and also much lower intensity compared to the sky. The color gradients in the sky depend on solar elevation and air humidity, but below the horizon they reveal the color of the ground.
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FIGURE 3
Open environments of different types. (A) Dry lakebed near Lancaster, California, United States (measurement based on 14 scenes, 13 April 2015, start 11:25, duration 7 min). (B) Desert with red dirt near Tilmouth Well, Northern Territory, Australia (measurement based on 23 scenes, 6 April 2019, start 12:37, duration 6 min). (C) Coastal meadow at Hovs Hallar, southern Sweden (measurement based on 22 scenes, 30 May 2020, start 16:17, duration 5 min). All environments, (A–C), were measured on clear, sunny days when the sun was at least 45° above the horizon.


Aquatic visual environments are very different from terrestrial ones (MacIver et al., 2017; Nilsson, 2017), and this is true also for the vertical light gradients (Figure 4). The horizon is typically much less pronounced, but because light is refracted as it enters water, the 180° terrestrial hemisphere is compressed to a cone of 97°, called Snell’s window (see Cronin et al., 2014). In shallow pelagic environments, Snell’s window makes a sharp intensity shift at an elevation angle of 48.5°, although movements of the water surface may blur this shift. In shallow epibenthic environments the lit seafloor makes Snell’s window much less obvious. With increasing depth, Snell’s window is replaced by a smooth vertical gradient, as exemplified in the Cape Cod environment of Figure 4. In general, aquatic environments display much narrower range gradients because light scattering reduces contrasts in water (except for high-amplitude light-flicker at the edge of Snell’s window). The spectral gradients may be very complex in shallow epibenthic habitats, but simpler in pelagic and deeper habitats. Different types of water preferably transmit specific wavelength regions, and this makes the vertical color gradients depend strongly on depth.
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FIGURE 4
Shallow aquatic environments. (A) A tropical lagoon at Lizard Island, Queensland, Australia (measurement based on 40 scenes, 7 September 2015, start 12:17, duration 12 min). The environment was sampled at 1 m depth close to the bottom in the shallow lagoon. (B) Outside the barrier reef, at 1–2 m from the surface, over deep water with no visible seafloor, Queensland coast, Australia (measurement based on 27 scenes, 4 September 2015, start 14:31, duration 11 min). (C) Coastal epibenthic environment at 7 m depth outside Cape Cod, Massachusetts, United States (measurement based on 24 scenes, 19 October 2016, start 15:52, duration 8 min). All environments, (A–C), were measured on clear, sunny days. In panels (A,B), the sun was at least 45° above the horizon, and in panel (C), 20°C above the horizon.


In all naturally lit environments, the time of day causes major changes to the vertical light gradients. Figure 5 illustrates a single scene from an Australian desert monitored round the clock under a constantly clear sky. Apart from the obvious intensity shifts covering a total of eight orders of magnitude (100 million times difference in intensity), the vertical light gradients in the sky change slope and spectral balance depending on solar elevation. The large intensity shifts occur at solar elevations between −20° (below the horizon) and 10° (above the horizon). For solar elevations above about 10°, the slope of the vertical intensity gradient provides a potential time signal in addition to the solar position. During dusk and dawn (solar elevations between 0° and −20°) there are also changes in the vertical intensity gradient in the sky, as well as a reliable change in the spectral balance between red, green, and blue light. When the sun’s elevation is between −5° and −10° (below the horizon), there is a strong dominance of blue light (the blue hour). Under overcast conditions, changes in the vertical intensity gradient are largely lost, but the changes in spectral balance remain. When the sun is 18° or more below the horizon (astronomical night), and there is no moonlight, stars and airglow are the main light sources, causing a typical dominance of red light (Johnsen, 2012; Jechow et al., 2019; Warrant et al., 2020). During astronomical night, there is no time signal apart from the movement of the celestial hemisphere.
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FIGURE 5
Vertical light gradients at a single scene in arid country south of Alice Springs, Northern Territory, Australia, sampled at different times, both day and night (17–18 October 2017). Images of the scene are shown above for each of the solar elevations plotted in the graph below. Absolute radiances are plotted with the sun at different elevation angles from –20° (below the horizon) at night to 70° above the horizon during the day. Night-time measurements are plotted with separate curves for red, green, and blue to show the shifts in spectral balance. To avoid clutter, daytime measurements are not divided into separate curves for different spectral bands (Full daytime graphs are provided in Supplementary Figure S3). The curve for 30° is shown as a dashed line for clarity. Measurements were taken at new moon to avoid influence of moonlight at night. The location was selected to be entirely free of detectable light pollution. All displayed measurements are of the antisolar hemisphere. The solar hemisphere was also recorded and found to be similar, but at daytime, angles ±20° of the sun’s elevation are noticeably brighter. The labels, Starlight, Moonlight, Twilight, Overcast, and Sunlight are not related to the displayed data, but provided by the analysis software as guides for typical radiances. All measurements provided in the figure were recorded under completely clear skies.


In Figures 1–5 measurements have been made under clear skies. Under overcast conditions, all these measurements would have been different. The changes in vertical light gradients from clear sky to overcast (100% cloud cover) are major and similar in terrestrial and shallow water environments, although dense forests are less affected. In open or semi-open environments during the day, overcast conditions cause a massive reduction of intensity below the skyline (Figure 6), with no corresponding drop of sky radiance. This is caused by the loss of direct sunlight, which under clear skies makes up about 80% of the irradiance (the blue sky making up the remaining 20%). A heavily overcast sky may be darker than a blue sky, but a lightly overcast sky may even be brighter. Typical for overcast conditions is also that the range of intensities is dramatically reduced. A third consequence of overcast skies is that the vertical color gradients change to almost neutral above the skyline. The relative contribution of blue light decreases above the skyline but increases below the skyline. Overcast skies thus cause major changes in vertical light gradients. Partial cloud cover results in intermediate changes, which are closer to clear conditions if the sun or moon is not occluded.


[image: image]

FIGURE 6
Vertical light gradients in a semi-open environment near Dalby, southern Sweden measured in clear sunny conditions (A) and overcast conditions (B). Measurements were based on 21–25 scenes, sampled on 21 July 2016, start 13:30 m, duration 7 min (A) and 17 September 2016, start 12:44, duration 6 min (B). A single scene at another environment, recorded at sunny, partially cloudy and fully overcast is provided in Supplementary Figure S4.


Vertical light gradients change also with the seasons, especially in areas of deciduous vegetation or winter snow cover (Figure 7). Leaves in deciduous forest canopy change the spectral balance as the leaves mature and eventually acquire autumn colors. Springtime vegetation on the ground, before the canopy takes too much of the light, is obvious in the vertical gradients of April and May in Figure 7. Dry or wet leaf litter on the forest floor causes additional variations in the vertical light gradient, and snow cover obviously has a major effect.


[image: image]

FIGURE 7
Average images (±90° elevation) of a beech-tree forest near Dalby, southern Sweden, sampled in clear sunny conditions each month of the year. The images were sampled randomly from a trail through the forest, resulting in 30–36 scenes contributing to each image. For these measurements, full results with light gradient graphs are found in Supplementary Figure S5.




Discussion


Visual assessment of the environment

It is obvious that animals equipped with vision can be expected to use this sense to assess their environment for choosing their whereabouts and activities. But which kinds of visual information do animals use for assessing their environment? There can be two principal answers to this question: identified objects and non-object-based visual information (Nilsson, 2022). Seeing identified objects, such as prey or other food items, conspecifics, predators, or objects that can be associated with any of these, are all potentially very useful for assessing the situation and choosing suitable activities (Hein, 2022). There can be no doubt that animals capable of object discrimination also use this visual modality to assess their environment.

However, detection, identification and classification of objects require several layers of devoted neural circuits for visual processing as well as cognitive abilities to translate the information into adaptive behaviors. Non-object based visual information is simpler, requires fewer levels of neural processing and was present before object vision evolved (Nilsson, 2020, 2021). The ancient visual roles that are not based on object vision must have involved assessment of the environment, and because they exploit very different types of visual information, such visual mechanisms are likely to remain important even after object vision evolved.

Visible structures that are not identified objects are fundamental for orientation, control of movement and many other visually guided behaviors (Rodiek, 1998; Tovée, 2008). For assessing the visual environment, non-object-based vision can help determine the type and quality of the environment to aid in habitat selection and choice of activity. It may also be used to determine weather conditions and time of day, all of which are important factors for choosing the most appropriate location and behavior. Without object identification, the visual world is a spatial distribution of intensities. These may vary from up to down and from left to right, i.e., with elevation angle and with azimuth. It is the variations with elevation angle, i.e., the vertical light gradients, that can be expected to differ systematically between different types of environment, times of day, or weather conditions. The azimuth direction provides additional information on the range of intensities at each elevation angle, which is a proxy for the distribution and abundance of visible structures.

Vertical light gradients thus represent much of the non-object based visual information that is available for assessing the environment. Being both simple and informative, vertical light gradients are potentially essential for a wide range of animals in their ability to assess the type of environment, the time of day and the weather conditions. It follows that vertical light gradients may have a fundamental impact on the distribution and activity of animals.

In this manuscript we have presented measurements of vertical light gradients from different environments, terrestrial as well as aquatic, different weather conditions, and times of day and seasons. The gradients were divided into three components: intensity, intensity range (a proxy for spatial structure), and spectral composition. The intensity component can be further divided into the absolute position on the intensity scale, and the relative intensities at different elevation angles. In total, we thus identify four different components of information contained in the vertical light gradients (Table 1). With access only to one of these four components, it would be difficult or impossible to discriminate between different environments and tell them apart from differences that are due to weather or time of day. But combining all four components, such discrimination is generally straightforward. Color vision is needed for determining the spectral balance, and it makes the assessment of vertical light gradients more robust. Many vertebrates and arthropods, from both aquatic and terrestrial environments, can quickly relocate over longer distances, and in these two animal groups, color vision is common.


TABLE 1    Four components of the vertical light gradient identified in this investigation.
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Many insects, reptiles and birds have excellent color vision which includes a UV channel (Kelber and Osorio, 2010; Cronin et al., 2014; Osorio, 2019). Our measurements were made with a consumer camera and are thus restricted to red, green, and blue channels, but it would clearly be interesting to include also the UV band (300–400 nm) in the measurements. Non-primate mammals are dichromats and would not be able to discriminate between red and green, and many nocturnal species have reduced or lost their color vision (Osorio and Vorobyev, 2008; Jacobs, 2009).

Although color vision is arguably an asset for evaluation of the environment, vertical light gradients are useful also for color-blind species. Most cephalopods (octopus, squid, and cuttlefish) are color blind, but instead have polarization vision (Shashar, 2014). This is a common modality also in arthropod vision (Labhart, 2016). For these animals, the polarization properties of light, as a function of elevation angle, is a potential additional component of the vertical light gradient.

Our measurements were computed for 3° resolution of elevation angles. To make reliable assessments of place, time, and weather, it would suffice to sample with much lower resolution. For nearly all vertebrates and many arthropods, the visual acuity would allow at least the same resolution as in our measurements. Many invertebrates, such as polychaetes, gastropod snails, onychophorans, and millipedes have small low-resolution eyes with an angular resolution in the range of 10°–40° (Nilsson and Bok, 2017), and even for these animals, vertical light gradients would contain useful information for habitat selection and behavioral choice. Interestingly, such low-resolution vision excludes the possibility of object vision, making vertical light gradients the only option for visual assessment of the environment (Nilsson, 2022). In many insects, the dorsal ocelli, and not just the compound eyes, provide sufficient spatial resolution to be used for reading vertical light gradients (Berry et al., 2007a,b; Hung and Ibbotson, 2014; Taylor et al., 2016).

Vertical light gradients from forests, semi-open and open environments (Figures 1–3) reveal large and obvious differences between types of environment and significant differences also between different environments of the same general type. This implies that robust visual cues are available to animals for habitat selection and choice of activities. Within a forest, the vertical light gradients may also differ significantly between different locations, such as the forest edge, local open patches and areas with different plant compositions. Consequently, vertical light gradients are potentially important cues determining the distribution of animals over a large range of spatial scales.

In addition to terrestrial environments, we also presented a small selection of aquatic environments (Figure 4). These are clearly very different to the terrestrial world, largely because of the noticeable loss of contrast with distance. This means that aquatic visual scenes have much fewer objects and other structural details, and are far more dominated by the vertical light gradients of intensity and spectral balance. In aquatic habitats, the vertical light gradients have additional dependencies on depth and water quality, which adds new types of important information. This also means that type of environment, time and weather may be more entangled and more difficult to separate in aquatic light gradients. Here we only present a small sample of aquatic measurements to show that variations are large also in the under-water world. A more rigorous analysis of vertical light gradients in aquatic habitats will be published separately elsewhere.

To make measurements comparable in Figures 1–3, they were all made close to noon and under clear skies. The measurements would be partly different at other times of day or other weather conditions, but the different environments can still be discriminated from each other because time of day and weather affect the vertical light gradients in very specific ways (Figures 5, 6). This means that information about the time and weather can be extracted from the vertical light gradients irrespective of the type of environment. However, there are exceptions where the type of environment, time or weather cannot be entirely separated, or some aspects cannot be read from the vertical light gradients. In dense forests the vertical light gradients change rather little with weather, and also with time, if dusk and dawn are excluded. Cloud cover can mask changes that depend on time, and at starlight intensities most animals are color blind (Cronin et al., 2014; Warrant et al., 2020). Under these conditions, animals may resolve the ambiguities by other sensory modalities or by their biological clock.

The difference between clear and overcast sky (Figure 6) is obvious, but there are of course other weather conditions affecting the visual world. Partial cloud cover, with or without the exposed sun, thin high-altitude clouds, different amounts of air humidity, precipitation, fog and suspended particles will all cause specific changes to the vertical light gradients. At night, the lunar phase will have an impact on the vertical light gradients, offering cues for regulating nocturnal behavior and setting lunar rhythms. Vertical light gradients also contain information on seasons (Figure 7), which are strongly linked to the conditions of the vegetation. Likewise, extended droughts or wet periods will cause changes in the vegetation that are detectable in the vertical light gradient. Finally, anthropogenic alterations of the environment or climate change will influence the vertical light gradients and this may mediate effects on animal distribution and behavior. We conclude that vertical light gradients provide simple but reliable visual cues that can be used by animals to assess a broad range of essential qualities and conditions in their environment.

With an exposed sun or moon, vertical light gradients depend on the azimuth angle. When the sun or moon is far from zenith, solar and antisolar (or lunar and antilunar), directions display different sky gradients as well as different gradients below the horizon. This can be used by animals for directional cues, but for information on the type of environments, time of day or weather conditions, averaging over azimuth orientations (compass directions) offers a way to eliminate such bias. Recording many scenes at random azimuths then corresponds to animals integrating vertical light gradients with time constants much longer than those used for active vision.



How can the information content of vertical light gradients be further investigated?

Our database of vertical light gradients currently includes about 1,200 terrestrial and 100 aquatic environments distributed across the globe, at different times of day and different weather conditions. The material presented in this manuscript and in Nilsson and Smolka (2021) are samples from this large databank of measurements. The technique is simple to use, and many other labs are now contributing to these quantifications of the visual world. How can this wealth of new information be exploited?

There are of course limits to the conclusions that can be drawn from samples selected manually from a large database. A more systematic and unbiased approach would improve the use of vertical light gradients as a tool in various disciplines of ecology, physiology and neurobiology. However, it is not immediately clear how to analyze an entire database of vertical light gradients. The approach of choice will depend on the questions that are asked. The ability to independently determine the type of environment, weather, depth, etc., from the vertical light gradients is of great biological significance. A relevant question is thus whether vertical light gradients can be used to independently classify the type of environment, time of day and weather, and for aquatic environments also depth and possibly even water quality. It would further be important to know if there are conditions where it is difficult or impossible to fully read any of the factors that contribute to the vertical light gradients.

One approach is to apply software that quantifies similarities between different vertical light gradients to generate a phylogenetic tree of measurements. The degree by which measurements from different environments, times of day, weather, etc., assemble in different clades would thus quantify the reliability of vertical light gradients for informing about the environment and its conditions. Failures to place measurements in clades that correspond to different environments and conditions would indicate the limits of useful information from vertical light gradients. We have made preliminary test with this approach and found that existing Matlab routines for phylogenetic analysis can be adapted to successfully classify different types of terrestrial environments (see Supplementary Figure S2). An advantage of this approach is that environment classification is part of the results and is thus unbiased. It is of course also possible to use the same approach to test the support for arbitrary classifications made beforehand.

A principally different approach would be to tag measurements with environment type, time of day, degree of cloud cover, etc., and train a neural network to classify measurements from a subset of the database, and then validate how well it can classify the remaining database. This approach can be adapted to arbitrary measurement classifications and allows investigations of how well different classes can be discriminated. There will of course always be a potential bias introduced by subjective classifications of weather or type of environment (whereas time of day or water depth can be objectively classified). This implies that strict classification criteria would have to be established.

Both the above approaches allow for quantification of the minimum amount of information on the vertical light gradients that is needed for successful discrimination between types of environments, time of day, weather, depth in water, etc. Our measurement routines generate a 3° resolution of elevation angles, but it is quite possible that much lower resolution suffices. It is also possible that some components of the vertical light gradients or angular spans are more important than others for reliable classifications. It would be of particular interest to identify the parts (elevation angles and intensity/range/spectral components) of vertical light gradients that are most essential for biologically relevant discrimination of environments and conditions. This would facilitate behavioral experiments on the effects of vertical light gradients.



The biological significance of vertical light gradients

We have concluded that vertical light gradients carry rich and essential information about the environment. This information is available to all animals with spatial vision, and it would be remarkable if it does not have a major influence on animal behavior and choice of habitat. The spatial distribution of light in natural environments is known to be reflected in the retinal design of both vertebrate and insect eyes (Zimmermann et al., 2018; Lancer et al., 2020; Qiu et al., 2021), but how animals use the overall distribution of light to assess their environment is practically unknown. The amount of light illuminating the environment (the illuminance or irradiance) is well-known to regulate behavior and to entrain biological rhythms across the animal kingdom (Hertz et al., 1994; Cobcroft et al., 2001; Kristensen et al., 2006; Chiesa et al., 2010; Tuomainen and Candolin, 2011; Pauers et al., 2012; Alves-Simoes et al., 2016; Farnworth et al., 2016; Kapogiannatou et al., 2016; Blume et al., 2019; Storms et al., 2022). Accordingly, artificial light at night (light pollution) is emerging as a major factor influencing the spatiotemporal distribution of animals (Polak et al., 2011; Owens et al., 2020; Hölker et al., 2021; Miller et al., 2022). However, with rare exceptions such as Jechow et al. (2019), it is the ambient light intensity (illuminance), not the spatial distribution of light, that is documented as the environmental cue. In contrast, many established effects of light may very well be sensed as vertical light gradients by the animals. It is clear that illuminance readings cannot be used to discriminate between the effects of time, weather, environments, or water depth, but the combined components of vertical light gradients can resolve these ambiguities. There are thus reasons to believe that, for many animal species, vertical light gradients represent the actual cue of which the general illuminance is just one component related to the absolute position of the intensity profile on the radiance axis. It is therefore possible that the majority of known responses to light intensity are in fact responses to vertical light gradients.

Given the potentially major and important effects on animal behavior, responses to vertical light gradients deserve attention, but how can such responses be investigated? For the vast majority of animal species, it can be expected that the spatiotemporal distribution and behavioral choices depend on the input from multiple senses, previous experiences and internal physiological states. To isolate the contributions of vertical light gradients, the first option would be to monitor behavioral choice in laboratory environments where the vertical light gradients can be manipulated when all else is kept constant. However, reproducing natural light gradients in a laboratory setting is not entirely trivial. Projection of light on a planetarium hemisphere is problematic because reflected light will illuminate all other elevation angles. Full control of the vertical light gradients requires bright light emitting diode (LED) monitors in all directions, at least above the horizontal plane, in addition to a direct light source simulating the sun or moon, and carefully controlled reflective properties of the ground and surrounding objects. The emission of red, green, and blue light must be individually controllable, and the produced light environments must be calibrated by measurements. The controlled environment must further be large enough to allow for a natural choice of behaviors of the tested species.

There are good reasons to attempt the type of laboratory test outlined above on a broad selection of species. Such experiments will reveal the impact of vertical light gradients and how much it differs between species. By manipulating the vertical light gradients, it will also be possible to uncover the components of the light environment that are most important for behavioral control. With a good knowledge of the effects of vertical light gradients, these can be applied to predict the consequence of changes in both natural and artificial environments, to identify desirable and undesirable changes, and to mitigate negative effects on the spatiotemporal distribution of animals. More specifically, vertical light gradients can be used to identify conditions that elicit swarming, aggregation, or other biologically important behaviors. It is also possible that vertical light gradients are used for endocrine control, to make the animals physiologically prepared for the preferred activities. Knowledge of the influence of vertical light gradients may also be used to create more appropriate conditions for physiological and behavioral animal experiments (Mäthger et al., 2022), and to improve artificial indoor lighting for humans and in animal husbandry.

There is also a neurobiological side of visual assessment. Vertical light gradients are likely to provide access to previously unexplored mechanisms that set behavioral states in animals. All animals constantly have to decide where to be and what to do. The choices could be to forage at the current location or search for a better place, to avoid or engage in aggressive mate interactions, to continue resting or initiate activity. At any moment, depending on the type of environment, time of day, weather condition or other visible cues, some activities are suitable, but others are not. The changing tendency to engage in some activities but not in others is often referred to as “behavioral states.” This concept is gaining ground in both ecology and neurobiology (Berman et al., 2016; Gurarie et al., 2016; Mahoney and Young, 2017; Naässel et al., 2019; Russell et al., 2019; McCormick et al., 2020). The contribution of vertical light gradients in the setting of behavioral states must of course involve the visual system, but the neural processes that result in a choice of activity remains poorly know.

In most animals, the master-control of behavior is likely to involve several rather different processes. A general tendency to prefer some activities and avoid others can be set by internal physiological states together with sensory information about external conditions such as vertical light gradients. Behavioral tendencies are likely to involve a combination of systemic hormones and local release of neuromodulators that together alter the properties of decision-making circuits in the brain, i.e., set an appropriate behavioral state. For animals with at least some cognitive abilities, the actual decision of initiating or terminating a behavior will involve an assessment of the situation. In terms of vision, such an assessment would be based on the distribution of recognized objects (animals or other relevant items), combined with memories and experiences, and the outcome would be used to time and actuate behavioral decisions (Hein, 2022). Most species will also have protective reflexes that can override any behavioral decision. Once a behavior is initiated, it can be guided with continuously updated sensory information in a closed loop (Milner and Goodale, 2008).

The neural circuits that act as a master–control of behavior are poorly known in both vertebrates and arthropods. The neural pathways that carry information on vertical light gradients must be different from “ordinary vision” used for orientation and object vision. The reason for this statement is that “ordinary vision” relies on image contrasts and their movement (Rodiek, 1998), whereas vertical light gradients instead represent the background against which objects and contrasts are seen. To relay information on the movement of objects and other image contrast, the neurons need to be fast and provide high spatial resolution. To record the visual background, the opposite is true: it is contained largely in low spatial frequencies, and the information is extracted by integrating over time. Low spatial resolution means few neurons, and long integration time (slow speed) implies thin neurites. So, even if reading vertical light gradients may be a fundamentally important visual function, its neural correlates may have escaped attention because they are expected to make up only a small and inconspicuous part of animal visual systems.




Conclusion

The mechanisms that animals use to visually assess the environment and its conditions have been largely overlooked. Here we show that vertical light gradients contain vital information on the type of environment, time, weather, and other factors that animals are likely to rely on for finding suitable habitats and optimally deploying their behavioral repertoire.

Responses to vertical light gradients can be expected to be species-specific and contribute to define the niche of each species. Unraveling these responses will open a new dimension in behavioral ecology and provide an understanding of the mechanisms behind choices of habitat and activity. Measurements of vertical light gradients are easily acquired and offer a powerful tool for making predictions on the spatiotemporal distribution of animals, timing of specific behaviors and responses to a changing world.
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Component

1. Absolute intensity

2. Relative intensity

3. Range

4. Spectral balance

Type of information

Position of the intensity gradient on the absolute intensity scale. This directly follows the irradiance (amount of light
illuminating the environment), which varies over eight orders of magnitude between day and night, and over a few orders of
magnitude between different weather conditions and environments (depth in aquatic environments can cause enormous
changes)

The shape of the intensity profile, i.e., the relative amount of light from different elevation angles

The variation of intensities (amount of contrast) at each elevation angle. This is a proxy for the amount of spatial structure at

different elevation angles. The two ranges (50%, dark gray and 95%, light gray) describe different aspects of this component

The relative amount of major spectral bands (colors) at different elevation angles

The first two components can both be read from the intensity graph of Figures 1-6, as the general position on the intensity scale and the shape of the curve.





