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Visual information can influence animal behavior and habitat use in diverse ways. Visibility is the property that relates 3D habitat structure to accessibility of visual information. Despite the importance of visibility in animal ecology, this property remains largely unstudied. Our objective was to assess how habitat structure from diverse environments and animal position within that structure can influence visibility. We gathered terrestrial lidar data (1 cm at 10 m) in four ecosystems (forest, shrub-steppe, prairie, and desert) to characterize viewsheds (i.e., estimates of visibility based on spatially explicit sightlines) from multiple vantage points. Both ecosystem-specific structure and animal position influenced potential viewsheds. Generally, as height of the vantage point above the ground increased, viewshed extent also increased, but the relationships were not linear. In low-structure ecosystems (prairie, shrub-steppe, and desert), variability in viewsheds decreased as vantage points increased to heights above the vegetation canopy. In the forest, however, variation in viewsheds was highest at intermediate heights, and markedly lower at the lowest and highest vantage points. These patterns are likely linked to the amount, heterogeneity, and distribution of vegetation structure occluding sightlines. Our work is the first to apply a new method that can be used to estimate viewshed properties relevant to animals (i.e., viewshed extent and variability). We demonstrate that these properties differ across terrestrial landscapes in complex ways that likely influence many facets of animal ecology and behavior.
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Introduction

Three-dimensional (3D) structure of natural environments is shaped by and responds to diverse ecosystem processes, and consequently, influences organisms in a variety of ways. An early study by MacArthur and MacArthur (1961) demonstrated a functional relationship between the 3D structure of trees and avian diversity. Similarly, Price et al. (2019) documented that 3D structural complexity of cold water reefs influenced biodiversity and benthic fauna abundance. Three-dimensional habitat structure also can influence patterns of habitat use. For example, terrestrial predators alter use of vegetation structure depending on their hunting strategy. Male lions (Panthera leo), which use an ambush strategy, primarily hunted in areas of high structure relative to their female counterparts, which use a social hunting strategy (Loarie et al., 2013). Likewise, movement decisions by animals can be influenced by habitat structure and mode of locomotion. For example, movement paths of arboreal primates through tree canopies was influenced by 3D connectivity of canopy structure that likely facilitated efficient locomotion (McLean et al., 2016). Even the 3D shape of space between structures may influence animal ecology; foraging success of the predators of mud crabs (Eurypanopeus depressus) was influenced by components of 3D interstitial space produced by the spatial arrangement of oyster (Crassostrea virginica) shells (Hesterberg et al., 2017). Anthropogenic alteration of 3D structure also can affect habitat use and subsequent animal fitness. For example, abundance, clutch size, and nesting success of grassland songbirds were influenced by the presence of and distance to human infrastructure (Nenninger and Koper, 2017; Daniel and Koper, 2019). A recognition of the importance of 3D habitat structure to ecology has led to: (1) calls to more broadly integrate 3D components of habitat into studies of wildlife ecology (Davies and Asner, 2014; D’Urban Jackson et al., 2020; Lepczyk et al., 2021); and (2) increased use of remote sensing tools (e.g., photogrammetry, structure from motion, and lidar) to characterize 3D structure in both terrestrial (Ahmed et al., 2014; Olsoy et al., 2015; Adams and Matthews, 2018) and marine environments (Irish and Lillycrop, 1999; Chen, 2019; Lochhead and Hedley, 2021).

Three-dimensional structure can influence perception of the environment by animals and humans by changing accessibility of sensory information, which could have strong effects on fitness (McNamara and Dall, 2010; Munoz and Blumstein, 2012). Interactions with structure by soundwaves alter propagation of sound through an environment and thus the accessibility of sonic information (Aylor, 1972a,b). Similarly, physical elements in the environment such as vegetation or terrain can block sightlines and thus alter the range at which visual information can be gathered (Aspbury and Gibson, 2004; Embar et al., 2011). The area from which visual information is accessible to animals in natural settings has been described as “visibility” or “viewshed” (e.g., Coleman and Hill, 2014; Davies et al., 2016). Although these terms are often applied interchangeably, it is useful to define them separately. Visibility refers to the property of the habitat that relates habitat structure to accessibility of visual information. The viewshed is an estimate of that property, defined as all the spatially explicit sightlines accessible from one vantage point (Aben et al., 2018). Habitat structure can block sightlines in multiple directions, thereby altering an individual’s viewshed (Embar et al., 2011).

Visibility has far-reaching influence on the ecology and behavior of animals and humans. Visual cues are used to locate resources (Potier et al., 2016), select mates (Detto, 2007), communicate (Menezes and Santos, 2020), determine movement paths (Aben et al., 2021), and evaluate risk (Potash et al., 2019), or detect danger (Acebes et al., 2013), and consequently they strongly influence space use and habitat selection by animals (Table 1). For example, red-capped cardinals (Paroraria gularis) spent more time in areas of their territory with high visibility where conspecific invaders were easy to detect (Eason and Stamps, 2001), and anole lizards (Anolis aenus) defended smaller territories where visibility was limited, likely due to the increased energetic costs of defending low-visibility territories (Eason and Stamps, 1992). Similarly, locations of leks in ground-displaying birds is constrained by the need for extensive visibility that facilitates attraction of mates and detection of predators (Aspbury and Gibson, 2004; Alonso et al., 2012). The influence of visibility (or lack thereof) on predator-prey interactions is particularly striking. For example, the most important predictor of lion kill sites was the viewshed experienced by the prey; lion kills were twice as likely in areas where the viewshed of their prey was limited (Davies et al., 2016). Multiple studies have documented that African ungulates generally select for habitat with wide-ranging visibility (Riginos and Grace, 2008; Riginos, 2015). Similarly, space use and perceived safety by humans in urban environments are influenced by visibility (Loewen et al., 1993; Haans and de Kort, 2012).


TABLE 1    Examples of behaviors that are influenced by visibility in animals and humans.
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In the study of human sensation and perception, it is well-known that physical position of a person relative to the 3D structure around them influences what can be visually perceived (Gibson, 1979). Lecigne et al. (2020) argued that physical perspective influences the viewshed of wildlife, as well. Accounting for physical position may be important for researchers attempting to determine the influence of viewshed on habitat selection by species with access to different perspectives. For example, we expect that because of their ability to fly, birds can access a wide range of perspectives within their environment, whereas visibility of ground-dwelling species will be constrained to a greater degree by vegetation structure (Figure 1). Additionally, due to diverse ecological drivers, different ecosystems may have different 3D structures (e.g., forest vs. grassland), and all species are likely influenced by the 3D structures within which they evolved and persist. Non-vegetative 3D structures such as topography and human infrastructure also can influence visibility and subsequent space use (Aspbury and Gibson, 2004; Parsons et al., 2021). Despite the importance of visibility in animal ecology and the expected influence of 3D structure on visibility, no assessment has been conducted to evaluate the influence of ecosystem-specific structure and animal position on visibility.
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FIGURE 1
Conceptual representation of hypothesized relationships between visibility (blue spheres) and habitat structure and perspective. (A,B) Ecosystems with extensive vegetation structure (e.g., forests) will afford smaller viewsheds relative to ecosystems with little structure (e.g., prairies). (C) Animal position within habitat structure will influence viewsheds, with visibility generally increasing with eye-height above the ground.


The objective of this study was to assess how visibility may change across diverse natural environments as a function of ecosystem type, 3D structure, and perspective within that structure. We quantified fine-scale habitat structure using terrestrial lidar and used the R package viewshed3d (Lecigne et al., 2020) to estimate viewsheds within plots sampled at four sites representing disparate ecosystems: forest, shrub-steppe, prairie, and desert. Viewsheds measured within each ecosystem were evaluated relative to habitat structure as well as perspectives (i.e., eye-heights) accessible to native wildlife that inhabit those environments. We expected that both viewshed extent and variability would differ across eye-heights, and that values would differ among ecosystems with contrasting vegetation structure. To our knowledge, this is the first time that these relationships have been examined in any terrestrial ecosystem. Additionally, this is the first application of the lidar-viewshed3d method to ecosystems other than forests. Advancing understanding about how both habitat structure and perspective can influence visibility will increase our ability to assess the mechanisms by which habitat structure influences the ecology and behavior of animals and contribute to more realistic estimates of habitat selection and use.



Materials and methods


Study sites

We selected study sites within four ecosystems in the western United States: forest, shrub-steppe, prairie, and desert (Figure 2). These ecosystems represent a gradient of vegetation structures from prairie, which has little structure and no canopy, to shrub-steppe and desert, which have moderate structure with a single-layer shrub canopy, to forest, which has relatively dense vegetation structure and a multi-layer arboreal canopy. Within each study site, we selected plots that represented the breadth of vegetative structures within the ecosystem to understand how visibility can change in those ecosystems as a result of ecosystem-specific structures. In the forest, vegetative structure differed among plots to a greater degree than other ecosystems because tree species composition and density varied among forest plots.
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FIGURE 2
(A) Locations of study sites in the western United States. (B) Forest site at the University of Idaho Experimental Forest near Moscow, ID (red dot). (C) Shrub-steppe site in the Lemhi Valley, ID (green dot). (D) Prairie site at the Dave Skinner Ecological Preserve and Thorn Creek Native Seed Farm near Moscow, ID (yellow dot). (E) Desert site at Gold Butte National Monument in southern NV (blue dot).


The forest site was located at the University of Idaho Experimental Forest (UIEF) on Moscow Mountain, Idaho (Figures 2A,B). The UIEF is a temperate coniferous forest with average temperatures ranging from −6°C in winter to 31°C in summer. Precipitation averages 70 cm annually (NOAA, 2021). The UIEF supports ponderosa pine (Pinus ponderosa), Douglas fir (Pseudotsuga menziesii), western larch (Larix occidentalis), and western red cedar (Thuja plicata). Diverse wildlife species are present including snowshoe hares (Lepus americanus), black bears (Ursus americanus), coyotes (Canis latrans), white-tailed deer (Odocoileus virginianus), and moose (Alces alces), as well as a variety of birds.

The Lemhi Valley, a high elevation valley situated 1,180 m asl in east-central Idaho was selected as the shrub-steppe site (Figures 2A,C). Average temperatures range from −15°C in winter to 28°C in summer. The area annually receives about 43 cm of precipitation, most of it falling as snow (NOAA, 2021). The site is dominated by Wyoming big sagebrush (Artemis tridentata) with a sparse grass and forb understory. This site supports pygmy rabbits (Brachylagus idahoensis), American badgers (Taxidea taxus), coyotes, American pronghorn (Antilocapra americana), and diverse bird species.

We sampled a remnant of the endangered Palouse Prairie ecosystem at the Dave Skinner Ecological Preserve and the Thorn Creek Native Seed Farm near Moscow, Idaho (Figures 2A,D). Being located less than 30 km from the UIEF, this site is subject to the same climate. Palouse Prairie is a short-grass prairie composed of a multitude of small grasses and forbs including plants belonging to the sunflower (Asteraceae), bunchflower (Melanthiaceae), lily (Liliaceae), legume (Fabaceae), parsley (Apiaceae), rose (Rosaceae), broomrape (Orobanchaceae), and grass (Poaceae) families. Most of the historic extent of Palouse Prairie has been converted into farmland, and the few remaining remnants occur almost exclusively on the tops of ridges that are too rocky for agriculture. The site is regularly utilized by white-tailed deer, American badgers, coyotes, cottontails (Sylvilagus spp.), and diverse birds.

We sampled Mojave Desert vegetation at Gold Butte National Monument in southern Nevada (Figures 2A,E). The site receives <2 cm of precipitation annually. Average temperatures vary from −3°C in winter to 36°C in summer (NOAA, 2021). Joshua trees (Yucca brevifolia), creosote bushes (Larrea tridentata), and white bursage (Ambrosia dumosa) are prominent as are a number of cholla (Cylindropuntia spp.) and manzanita (Arctostaphylos spp.) species. Kangaroo rats (Dipodomys spp.), black-tailed jackrabbits (Lepus californicus), bighorn sheep (Ovis canadensis nelson), coyotes, and desert tortoises (Gopherus agassizi) are supported by the site as are numerous bird species.



Data collection

At each site, we established circular plots with a 12-m radius within which we gathered terrestrial lidar data to compile three-dimensional (3D) point clouds of fine-scale habitat structure. We selected plots within the forested ecosystem (n = 10) that encompassed a wide range of stand types and structures. Plots at the shrub-steppe (n = 6) and desert (n = 5) sites were selected in areas of known animal activity determined by scat and track identification. Due to the limited extent of the prairie site, we placed plots (n = 6) in locations that encompassed only prairie vegetation and no other encroaching ecotypes. We sampled more plots in the forest because of the greater structural diversity relative to the other ecosystems. Plot size was constrained by the limited spatial extent associated with terrestrial lidar, and plot shape was selected reflecting the viewshed3d method, which measures sightlines within a sphere (Lecigne et al., 2020).

We collected terrestrial lidar data using a Leica BLK360 Imaging Laser Scanner (Leica Geosystems, St. Gallen, Switzerland) on a tripod typically set at 1.3 m above the ground; we occasionally lowered the height of the tripod and scanner to accommodate uneven terrain or dense vegetation. We completed 15–25 scan locations per plot depending on vegetation density and structure; sites with great vegetation complexity (e.g., forest) required more scans to overcome the increased occlusion from the high level of structure (Van der Zande et al., 2006). The BLK360 is a multiple return scanner that collects data using an 830 nm infrared laser with a beam divergence of 0.4 mrad. The scanner was set to collect data at its standard point density (1 cm at 10 m). Before scanning, we deployed highly reflective targets visible from multiple scan locations.

Within each plot, we stitched individual scans together to create a single large point cloud detailing the structure of the entire plot (Figure 3 and Supplementary Figure 1). This process began with the software ReCap Pro v6.0 (Autodesk, San Rafael, CA, United States). Reflective targets provided spatial reference points that the software used to create a rough alignment of scans. We then imported the oriented scans into CloudCompare v2.11.3 (CloudCompare, 2021) and used the iterative closest point (ICP) algorithm tool for fine-scale alignment. The scans were merged into a single point cloud and the reflective targets were removed using the segment tool. Because of relatively large differences in the amount and composition of vegetation across ecosystems (Figure 4), resulting point clouds ranged in size from 20 to 97 million points. Lastly, we used ReCap Pro to define the center ground point as 0,0,0; the X,Y orientation was randomly assigned by the program, and Z was designated as elevation above the ground.
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FIGURE 3
Method for estimating viewsheds. (A) Terrestrial laser scanner (TLS) used to collect data from multiple locations within a plot. (B) Scans gathered using the TLS are stitched together to produce lidar point clouds representing the habitat structure of the entire plot. Displayed is a forest point cloud, in which the color ramp shows relative elevation from low (blue) to high (red). (C) Application of viewshed3d to the point cloud from three eye-heights (0.25, 1.5, and 5 m) representative of animal groups that access ecosystems from those heights. The white and blue dots are lidar data points; white points are those at the ends of measured sightlines. Viewshed graphs display the percent of unobstructed sightlines as a function of distance from the animal position. The viewshed coefficient (VC) is calculated as the area under the curve and is a measure of viewshed extent.
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FIGURE 4
Vegetation distribution profiles calculated from the lidar point clouds representing the number of voxels (units of space occupied by some vegetation resolution 5 cm3, defined as N in the figure) at each elevation (m) above ground. The y-axis scale differs between the forest and the three low-structure ecosystems (shrub-steppe, prairie, and desert). Mean values (line) and ranges (shaded area) for all plots in each of four ecosystems.


We measured 10-m viewsheds within each plot from 5 X,Y locations across multiple Z positions representing eye-heights for diverse wildlife (Figure 3 and Supplementary Figure 1). Although the importance of viewshed size and orientation is likely to differ by species, our objective was to examine how these diverse structures and positions within them can influence visibility in general, so we measured all viewsheds to the 10-m maximum constrained by size of the plots to facilitate comparison across vantage points. The first X,Y location was the plot center (X, Y coordinate 0,0). The other locations were selected using a systematic sampling design applied to locations 2 m from the center location to ensure adequate coverage of the plot. These locations were oriented so that they intersected perpendicular axes that passed through the center of the plot, but the angle of the axes relative to the orientation of the plot was selected randomly for each plot (i.e., at X,Y coordinates: 0,2; 0,−2; 2,0; −2,0). These locations ensured that the 10-m radius viewsheds would not extend beyond the point cloud. The Z positions included terrestrial perspectives at 0.25, 0.75, and 1.5 m from the ground to represent eye-heights of small, medium, and large terrestrial animals. Aerial perspectives were assessed from 5 to 10 m above the ground in the three low-structure ecosystems (shrub-steppe, prairie, and desert), and in the forest, arboreal and aerial vantage points were placed every 5 m (from 5 to 30 m). Before measurement, spheres were projected onto the point clouds at the selected positions and evaluated to ensure they did not occur within a structure (e.g., a tree trunk; Supplementary Figure 1). No selected positions occurred within structures and so no further adjustments to position were required. We did not measure viewsheds from vantage points > 10 m above the ground in the low-structure ecosystems and >30 m in the forest because sightlines measured from higher vantage points were not able to interact with the point clouds since viewsheds were not measured beyond 10 m. This sampling design resulted in estimation of viewsheds at 25 distinct X,Y,Z vantage points within each of the shrub-steppe, prairie, and desert plots and 45 vantage points in each of the forest plots.

We estimated spherical viewsheds at each designated vantage point within each lidar point cloud using the R package viewshed3d (Lecigne et al., 2020), which measures 3D sightlines in all latitudinal and azimuthal directions until they are obstructed by any lidar data point (including ground points; Figure 3). We set the angular resolution of the sightlines to 0.6° which produced similar viewshed estimates to lower angular resolutions but required fewer computational resources. Measurement of sightlines is reported by the package as a graph of the percent of unobstructed sightlines as a function of distance from the designated vantage point (Figure 3). To quantify the size of viewsheds, we calculated the area under the curve to 10 m (maximum radius of the measured viewshed) and defined it as the viewshed coefficient (VC), which is a function of the spatial extent of the viewshed in all directions.

We assessed variation of sightlines within each measured viewshed to describe variability in viewshed composition in addition to viewshed extent (Supplementary Figure 2). Relative to each vantage point, we segmented the point cloud in the azimuth into 20 segments of 18° and estimated the VC of each segment. Next, we calculated the standard deviation and mean VC of these 20 segments to calculate a coefficient of variation for the viewshed at each vantage point within each ecosystem as a descriptive statistic of variation in viewshed composition.

To understand the influence of vertical structural heterogeneity, we calculated roughness, which is the standard deviation of the canopy heights within 10 m of each X,Y position, using the lidR package (Roussel et al., 2020). Roughness was selected as the only structural metric because other standard metrics (e.g., canopy cover, basal area, etc.) were not applicable to the diversity of vegetation structures across the ecosystems we studied.



Data analysis

Due to the hierarchical structure of the data, linear mixed-effects models were fit to data from each ecosystem. We modeled two viewshed characteristics (VC and the coefficient of variation) as separate response variables to examine the influence of explanatory variables on both the overall extent and variability of the viewshed. Explanatory variables were eye-height above the ground and roughness. Nested random effects were specified with random intercepts for plot and for X,Y location within each plot. These models were run separately for each ecosystem using the lme4 and nlme packages in R (Bates et al., 2015; Pinheiro et al., 2020). To correct for heteroscedasticity of the response variables, primarily due to relatively small variation among the higher vantage points where there was little vegetation structure, the highest eye-heights in all ecosystems were removed from analysis. Additionally, in the low-structure ecosystem models (shrub-steppe, prairie and desert), a variance structure was imposed on the 0.25 m eye-heights to allow the response variables to have different error variances than the other eye-heights. We applied logarithmic transformation to coefficients of variation to further account for heteroscedasticity. Eye-height was modeled as a factor with levels of 0.25, 0.75, 1.5, and 5 m in all ecosystems and also 10, 15, 20, and 25 m in the forest to give the models flexibility with respect to the statistical relationship between the response variables and height (Zuur et al., 2009).

We compared modeled VCs and coefficients of variation across vantage points using the emmeans and trtools R packages (Johnson, 2021; Length, 2021). Additionally, we compared expected VCs and coefficients of variation at each eye-height across ecosystems by calculating a Wald test statistic with 95% confidence. We did not compare viewsheds measured at eye-heights in the forest that were not also measured in the low-structure ecosystems.




Results

As expected, eye-height (i.e., vantage point) strongly influenced both the extent (viewshed coefficient) and variability (coefficient of variation) of viewsheds in all ecosystems. In all models, all eye-heights were significant predictors of both viewshed coefficient (VC) and the coefficient of variation (Supplementary Tables 1, 2). In all VC models, as eye-height increased, the viewshed extent as characterized by the VC, generally increased but the relationships were not linear across the lowest vantage points in any ecosystem nor across the highest vantage points in the forest ecosystem (Figure 5). In the low-structure ecosystems, variability in viewsheds, characterized by coefficients of variation, decreased as eye-height increased to heights above the vegetation canopy. In the forest, however, variation in viewsheds was highest at intermediate eye-heights, and markedly lower at the lowest (0.25 m) and highest (>10 m) eye-heights (Figure 6).
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FIGURE 5
Extent of viewsheds (estimated as the viewshed coefficient, VC) as a function of eye-height across four ecosystems (forest, shrub-steppe, prairie, and desert). Points represent viewsheds at individual vantage points (n = 25–45/plot) within multiple plots per ecosystem (n = 5–10 plots/ecosystem). Note that the x-axis is on a logarithmic scale.
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FIGURE 6
Variability of viewsheds (estimated as the coefficients of variation) as a function of eye-height across four ecosystems (forest, shrub-steppe, prairie, and desert). Points represent viewsheds at individual vantage points (n = 25–45/plot) within multiple plots per ecosystem (n = 5–10 plots/ecosystem). Note that the x-axis is on a logarithmic scale.


Roughness was only a significant predictor in the desert VC model and the shrub-steppe coefficient of variation model. However, we retained it in the models to account for large differences in structure for comparisons between ecosystems (Figure 4). As expected, roughness was highest and most variable in the forest where average roughness was 16.6 ± 7.7 (standard deviation). Roughness was similar in the three low-structure ecosystems (roughnessshrub = 1.6 ± 0.3, roughnessprairie = 1.9 ± 0.1, roughnessdesert = 1.6 ± 0.1).

Our models demonstrate the significant effect that an individual’s vantage point may have on the viewshed in the measured ecosystems. Using estimates from the models, we documented that both viewshed extent and variability differed across eye-heights within each measured ecosystem. In the forest, shrub-steppe, and desert, VC differed significantly across all measured eye-heights, and in the prairie, VC also differed except between the lowest two eye-heights (i.e., at 0.25 and 0.75 m; Supplementary Tables 3, 4). Comparisons of viewshed variability (i.e., coefficient of variation) were significantly different at most eye-heights in the forest (Supplementary Table 5), prairie, and desert, and across all eye-heights in the shrub-steppe (Supplementary Table 6). These results indicate that within the measured ecosystems, movement between vantage points can result in changes in both viewshed extent and composition.

The effects of ecosystem-specific habitat structure on the viewshed were more nuanced than the effects of vantage point. Viewshed extent and variability often, but not always, differed across ecosystems when compared at the same eye-heights. The VCs were significantly different in all pairwise comparisons between the forest and low-structure ecosystems except at 0.25 m (Table 2). Pairwise comparisons among the three low-structure ecosystems followed a similar pattern, however, the prairie—shrub-steppe comparisons only differed significantly at 1.5 m (Table 2). Our results indicate that animals moving between ecosystems with large differences in the amount and type of structure (e.g., between forests and prairies) may encounter viewsheds with very different extents. Coefficients of variation differed significantly at nearly all eye-heights in comparisons between the forest and low-structure ecosystems with exceptions at 0.25 m for the desert and 0.25 and 0.75 m for the prairie (Table 3). The coefficients of variation differed significantly at all eye-heights in the desert—prairie comparison, and at all eye-heights except 0.25 m in the prairie—shrub-steppe comparison. There was no significant difference in coefficients of variation at any eye-height in the desert—shrub-steppe comparison. Differences in the coefficient of variation comparisons across the low-structure ecosystems underscore the influence of diverse habitat structures (Figure 4) on viewsheds.


TABLE 2    Viewshed coefficients across ecosystems.
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TABLE 3    Coefficients of variation across ecosystems.
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Discussion

Our results clearly demonstrated that both ecosystem-specific habitat structure and physical perspective within that structure can influence the viewshed. Relationships between viewshed extent and variability across eye-heights were consistent in all four ecosystems. Extent of the viewshed generally increased and variability decreased with increasing elevation of vantage points. These patterns were strongly influenced by the occluding vegetation structure and height of the canopy, which was reflected in the contrast between the three low-structure habitats (shrub-steppe, prairie, and desert) and the forest habitat (Figure 4). Increased density and diversity of vegetation in the forest resulted in greater variability in viewsheds at all eye-heights below the tree canopy. These results indicate that both vegetation structure and animal position in a landscape may strongly influence the potential viewshed and consequently the visual cues accessible to individuals.

Although the extent of the viewshed generally increased with increasing eye-height in all ecosystems as expected, this pattern was not uniform. In both the forest and desert ecosystems, VC was larger at 0.25 m than at 0.75 m (Supplementary Table 4). This increased visibility close to the ground may reflect the growth forms of shrubs in these ecosystems (e.g., snowberry in the forest and creosote in the desert) with branches that occlude sightlines at slightly higher eye-heights. In contrast, the VC was significantly smaller at 0.25 m than at 0.75 m in the shrub-steppe site where sagebrush shrubs generally produce branches nearer to the ground. These results demonstrate that perspective, ecosystem-specific structure, and their interactions can influence the extent of viewsheds. It should be noted that a majority of our scans were gathered from above these eye-heights in all ecosystems, and the differences documented in the forest and desert might be partly attributable to occlusion of understory vegetation structure by the mid-level shrub structure. However, such a bias is likely minimal in our samples because of the high point density of our data that clearly identified ground structure under shrubs (Figure 5), the lack of this pattern in the shrub-steppe or prairie, and previous studies that indicate that occlusion effects in terrestrial lidar data in forests occur primarily in the arboreal canopy rather than the understory (Chasmer et al., 2006).

Not only did we find that perspective and vegetation structure influenced extent of the measured viewsheds, but both properties also influenced variability of the viewshed (i.e., coefficient of variation). Generally, as eye-height increased, viewshed variability decreased, particularly in the low-structure ecosystems (Figure 6). However, this pattern was not as consistent in the forest where variability increased from 0.25 to 0.75 m then remained relatively constant across eye-heights until decreasing at vantage points >10 m (Figure 5 and Supplementary Table 2). This zone of relatively high variation in the forest may occur because vegetation from both the understory and overstory occluded sightlines; heterogeneity in either one or both is likely to have a strong influence on variability of the viewshed. Similar to viewshed extent, interactions between perspective and vegetation structure significantly influenced variability of the viewshed. Effects of occlusion due to dense vegetation near the ground in the low-structure ecosystems, and in the highest parts of the arboreal canopy may have influenced these results, although, as with the VC results, the effects of occlusion on variability at the lower eye-heights are likely to be minimal.

Understanding how both viewshed extent and variability differ has important implications for animal ecology. The extent or size of a viewshed provides information about accessibility of visual cues whereas viewshed variability might reveal how other properties associated with 3D habitat structure also influence habitat selection in conjunction with visibility. For instance, selection for concealment (i.e., the property of habitat in which 3D structure hides animals from visual detection by others), might influence an animal’s selection for viewshed variability. Although visibility and concealment often are inversely related, they are not direct opposites, and animals can select for visibility and concealment somewhat independently (Camp et al., 2013). Heterogeneity of 3D structure is likely the primary factor that allows these properties to be decoupled. Thus, selection for viewshed variability may illuminate how animals select for both visibility and concealment simultaneously. We hypothesize that animals with access to vantage points with high variation in both viewshed extent and variability will have greater opportunities to select for visibility within their environments. Although studies have investigated the influence of visibility on medium to large-bodied (Acebes et al., 2013; Riginos, 2015), arboreal (Potash et al., 2019), and aerial species (Eason and Stamps, 2001), our results suggest that small, terrestrial animals may be ideal for studying fine-scale selection for visibility (and other properties of 3D structure) because they appear to have access to relatively large variation in viewsheds, at least in the ecosystems we assessed (Figures 5, 6). Access to vantage points with high variation in viewsheds also may have implications for biodiversity. High variation in accessible viewsheds may provide opportunities for multiple species with diverse visibility requirements to select for visibility relevant to their needs within the same environment. Because 3D structure can strongly influence multiple aspects of animal ecology including predator-prey interactions (Gibson et al., 2018), reproduction (Nenninger and Koper, 2017), foraging (Hesterberg et al., 2017), communication (Menezes and Santos, 2020), and movement patterns (McLean et al., 2016), it also influences biodiversity in terrestrial (MacArthur and MacArthur, 1961) and aquatic ecosystems (Price et al., 2019). Consequently, access to variable viewsheds may be an additional mechanism by which 3D structure influences biodiversity.

Our work has several limitations and opportunities for advancing understanding and measurement of visibility in ecological systems. First, the scope of this study is limited to four sites that represent specific ecosystems in the United States. Although our results may generally apply to other ecosystems with similar vegetation structures, we expect that differences in ecological drivers and vegetation composition will influence viewsheds differently across other systems, even habitats similar to those we measured. Second, although we could capture point clouds defining all vegetation structure in the shrub-steppe, prairie, and desert ecosystems, the upper canopy in the densest forest plots may not be well represented in our lidar data because it was gathered using a terrestrial laser scanner, which is generally most effective at estimation of structure in forests below the canopy (Chasmer et al., 2006; Hilker et al., 2012). Missing data points in the forest canopy may have caused some inaccuracies in viewsheds measured from the highest vantage points. We recommend that researchers focused primarily on those perspectives consider methods that would allow consistent data collection of structure relevant to those perspectives (e.g., UAV lidar). Additionally, as this study was focused on visibility as a property of habitat structure, we did not account for species-specific visual acuity. Researchers interested in estimating realized viewsheds (i.e., viewsheds accessible to animals defined by visual acuity) should consider limiting viewsheds to a distance equivalent to that from which the species of interest can gather visual cues. In this study, the size of the viewsheds was set to the spatial extent of our point clouds. If visual acuity is of interest, point clouds should be gathered over spatial extents that allow estimation of viewsheds applicable to the species of interest. Finally, our study was focused on terrestrial visibility purely as a function of 3D structure, and we did not account for factors other than visual acuity that also could influence access to visual information. For example, in aquatic systems, water quality and penetration of light into water layers influences behavior of aquatic animals (Ranåker et al., 2012; Beltran et al., 2021), and similarly in terrestrial systems, precipitation, fog, or pollution also might limit visibility.

Researchers studying specific species also should account for the ecological and evolutionary relevance of visibility to their species when designing studies. For example, Embar et al. (2011) documented that presence of specific predators influenced whether gerbils (Gerbillus andersoni allenbyi) perceived greater risk when aerial or terrestrial sightlines were blocked; in the presence of terrestrial predators, occlusion of terrestrial sightlines was associated with elevated risk, however, the relationship was reversed in the presence of aerial predators. These results suggest that researchers interested in selection of viewsheds by prey should consider the ecology of the predators. For example, their studies may benefit from segmenting the point clouds latitudinally into aerial and terrestrial viewsheds (a function that is now available in recent updates of viewshed3d) to estimate relevant sightlines. Likewise, specific portions of viewsheds might have ecological significance for detection of resources or communication with conspecifics, and tailoring the approach to the ecology of the specific system is necessary to achieve robust inferences.

Estimation of viewsheds provides an avenue for advancing understanding of the mechanisms by which 3D habitat structure influences the ecology and behavior of animals. Because ecosystem-specific structure significantly influences the viewshed, it may be an evolutionary driver of animal behavior. Snowshoe hares which evolved in and inhabit forest ecosystems, selected for locations with few sightlines but significant structure that aids in escape (Morris and Vijayan, 2018) in contrast to gerbils in a desert ecosystem that perceived greater risk when sightlines were blocked (Embar et al., 2011). Generally, the desert ecosystem in our study provided larger viewsheds with less variation than the forest (Figures 2, 4–6), which might influence evolution of divergent anti-predator strategies. In our prairie site, and likely in most prairies, the primary structure blocking sightlines was created by topographic relief. Terrain also can influence availability of and selection for visibility in shrub-steppe habitats like those in our study; leks of greater sage grouse (Centrocercus urophasianus) were located at sites with enhanced short-range visibility where females could more readily observe potential mates, but leks were characterized by reduced long-range visibility, which could influence detection of predators (Aspbury and Gibson, 2004). Likewise, differences in visibility across ecosystems and perspectives also may shape dynamic habitat use during movement. For example, Aben et al. (2021) reported that visibility influenced where birds flew within 3D space. Visibility afforded as a function of 3D habitat structure may strongly drive the ecology and evolution of animal communication, as well. Habitat structure was a strong evolutionary driver in development of aerial sexual displays in birds; open-habitat passerines had an evolutionary gain of aerial displays six times more frequently than forest passerines (Menezes and Santos, 2020). For example, changes in visibility as a result of 3D structure also can influence use of other communication channels. When visibility was limited by 3D structure and vegetation growth, animals altered the number and acoustic structures of vocal signals (Waser and Waser, 1977; Yahner, 1980; Koda et al., 2008).

Although visibility may strongly influence both terrestrial and aquatic animals, it is not well integrated into studies of animal ecology (Aben et al., 2018). Because visibility can affect multiple aspects of ecology and evolution from resource detection to movement decisions (Table 2), the paucity of studies that integrate visibility as an ecologically relevant factor represents a large gap in the animal ecology literature. However, increasing availability of remotely sensed 3D data products (e.g., lidar, structure from motion) may provide resources for addressing this deficit (e.g., D’Urban Jackson et al., 2020; Lepczyk et al., 2021). To date, the viewshed3d method has only been applied to terrestrial lidar data but may be applicable to point clouds gathered by other remote sensing systems. Additionally, the viewshed3d method is not the only approach to estimating visibility. For example, researches have measured horizontal sightlines from digital surface models derived from airborne lidar data (Davies et al., 2016, 2021). The advantage of the viewshed3d method is its ability to measure sightlines that penetrate gaps in 3D vegetation structure (Lecigne et al., 2020). Our work demonstrates that properties of viewsheds differ among and within landscapes in complex ways, and adds to an emerging understanding of how 3D structure can shape interactions among individuals and between organisms and their environments.
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Ecosystems Eye-height (m) A Coeff. Var. LCL UCL P-value

Desert—prairie 0.25 —0.840 —1.328 —0.352 0.0007
0.75 —0.994 —1.501 —0.487 0.0001
1.5 —1.056 —1.563 —0.549 < 0.0001
5.0 —1.506 —2.494 —0.518 0.0028
Desert—shrub-steppe 0.25 0.417 —1.391 2,225 0.6511
0.75 0.781 —1.007 2.570 0.3941
1.5 0.938 —0.851 2.726 0.3041
5.0 0.690 —1.098 2.479 0.4494
Prairie—shrub-steppe 0.25 1.257 —0.484 2.998 0.1569
0.75 1.776 0.060 3.491 0.0424
1.5 1.994 0.279 3.709 0.0227
5.0 2.196 0.705 3.687 0.0037
Desert—forest 0.25 —0.952 —2.908 1.004 0.3400
0.75 —3.416 —5.400 —1.432 0.0007
1.5 —3.732 —5.716 —1.748 0.0002
5.0 2.196 0.705 3.687 < 0.0001
Prairie—forest 0.25 —0.112 —2.006 1.782 0.9077
0.75 —2.422 —4.340 —0.504 0.1332
1.5 —2.676 —4.594 —0.758 0.0006
5.0 —3.642 —5.361 —1.923 < 0.0001
Shrub-steppe—forest 0.25 —1.369 —2.116 —0.623 0.0003
0.75 —4.197 —5.056 —3.339 < 0.0001
1.5 —4.670 —5.528 —3.811 < 0.0001
5.0 —5.838 —6.694 —4.982 < 0.0001

Difference in coefficients of variation (A Coeff. Var.) at each eye-height, lower and upper confidence limits (LCL and UCL) for 95% confidence intervals, and associated p-values. Where A Coeff.
Var. is positive, the ecosystem listed first has a larger average coefficient of variation. Where A Coeff. Var. is negative, the ecosystem listed second has a larger average coefficient of variation.





OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Ecology and Evolution

Vegetation and vantage point
influence visibility across diverse
ecosystems: Implications for
animal ecology












OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Ecology and Evolution







OPS/images/fevo-10-911051-g001.jpg
W






OPS/images/fevo-10-911051-g004.jpg
Feorest

Shrub-steppe ] [ Prane

21

10000

5000 10000 15000 20000 0 5000 10000 15000 20000
N N

0

2500 5000
N

7500

10000





OPS/images/fevo-10-911051-g005.jpg
Forest

1000

o o
=] o

JUBI0IY80D) PBYSMBIA

400

20 25 30

15

10

15

0.75

0.25

Height (m)

Desert

Prairie

Shrub-Steppe

1000

JUBIOIYB0D) PBYSMBIA

10

5 10 025 0.75 15

15

10 025 0.75
Height (m)

5

15

0.75

0.25





OPS/images/fevo-10-911051-g002.jpg
L

- ok
rom [ A 0l

AU

d






OPS/images/fevo-10-911051-g003.jpg
4 3
2 5 °
< L
2 -
- s
& £
K 5 8
i 3
& s o
= 2l
S 5 = VC = 805.4
[0
o
= T T T T T T
0 2 4 6 8 10
Distance (m)
-S4
W
2
8 8-
®
8
5 8-
=t ((e]
()]
£
= o= S
5 S VC = 654.8
8 84
&
= T T T T T T
0 2 4 6 8 10
Distance (m)
o
o -
-o =t
2
S 8 -
2
o
5 8-
w
=
r S 4
— VC = 653.9
§ 8-
&
o -

Distance (m)






OPS/images/cross.jpg
@ Check for updates.





OPS/images/fevo-10-911051-t001.jpg
Behavior

Resource detection

Mate detection and selection

Risk evaluation and subsequent space use

Territory establishment and defense

Movement and navigation

Taxa

black kite (Milvus migrans) and Harris’s hawk (Parabuteo
unicinctus) great cormorant (Phalacrocorax carbo)

fiddler crab (Uca mjoebergi) great bustard (Otis tarda)
greater sage grouse (Centrocerus urophasianus)

fox squirrel (Sciurus niger) guanaco (Lama guanicoe)
human (Homo sapiens)

anole lizard (Anolis aenus) red-capped cardinal (Paroraria
gularis) western gull (‘Larus occidentalis)

placid greenbul (Phyllastrephus placidus) common swift
(Apus apus) capercaillie (Tetrao urogallus)
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Ecosystems Eye-height (m) AVC LCL UCL P-value

Desert—prairie 0.25 —12.3 —62.9 38.2 0.6323
0.75 —53.6 —104.1 —3.1 0.0376
1.5 —52.3 —102.8 —1.8 0.0424
5.0 —59.2 —109.7 —8.7 0.0217
Desert—shrub-steppe 0.25 26.2 —21.7 74.1 0.2841
0.75 —64.6 —106.5 —22.8 0.0025
1.5 —122.1 —164.0 —80.3 < 0.0001
5.0 —95.1 —136.9 —53.2 < 0.0001
Prairie—shrub-steppe 0.25 38.5 —31.1 108.1 0.2783
0.75 —11.1 —76.6 54.5 0.7411
1;5 —69.8 —135.4 —4.4 0.0369
5.0 =35.9 —101.4 29.7 0.2839
Desert—forest 0.25 50.6 —14.0 115.1 0.1246
0.75 614.3 549.3 679.3 < 0.0001
1.5 665.7 600.7 730.7 < 0.0001
5.0 759.4 694.4 824.3 < 0.0001
Prairie—forest 0.25 62.9 —19.1 144.9 0.1325
0.75 667.9 627.0 708.7 < 0.0001
1.5 718.0 677.1 758.9 < 0.0001
5.0 818.6 777.7 859.4 < 0.0001
Shrub-steppe—forest 0.25 24.4 —18.9 67.7 0.2690
0.75 678.9 601.7 756.2 < 0.0001
1.5 787.8 710.6 865.1 < 0.0001
5.0 854.4 7772 931.7 < 0.0001

Difference in viewshed coefficients (AVC) at each eye-height, lower and upper confidence limits (LCL and UCL) for 95% confidence intervals, and associated p-values. Where AVC is positive, the
ecosystem listed first has a larger average VC. Where AVC is negative, the ecosystem listed second has a larger average VC.
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