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SUMMARY

Bright coloration in predators presents a paradox: being highly visible should reduce hunting success, yet 

vivid colors persist in species that rely on stealth. Camouflage, which minimizes contrast with the back

ground, and startle coloration, where sudden brightness disrupts prey escape, have been proposed to 

explain this paradox. Barn owls (Tyto alba) are polymorphic, ranging from dark reddish to bright white, offer

ing a natural experiment. Using high-resolution biologging, we tracked 69 free-ranging males across 354 

nights and recorded 17,600 hunting attempts during chick provisioning. We tested whether plumage color 

mediates moonlight-dependent hunting behavior and performance. White males reduced exposure under 

dim conditions but, under bright moonlight, oriented attacks toward the Moon and favored bright periods 

and unshaded sites throughout the night. Red males showed weaker or no adjustments and remained 

comparatively cryptic. Although per-attack success did not differ across the lunar gradient, white males 

achieved higher nightly prey capture rates and shorter foraging bouts under bright moonlight. Together 

with previous work, these patterns are more consistent with the startle hypothesis than with a pure back

ground-matching scenario, suggesting that conspicuous plumage can be incorporated into a light-depen

dent hunting strategy and that variation in lunar lightscapes may influence the evolution of animal coloration.

INTRODUCTION

Color shapes life-and-death interactions in nature,1–5 revealing 

or concealing animals from both predators and prey.6–11 Some 

nocturnal predators almost seem to glow in the dark,12–14 an 

apparent conspicuousness that appears counterintuitive: preda

tors are generally expected to remain undetected to avoid alert

ing prey.11 Yet species such as the barn owl (Tyto alba), highly 

adapted for stealth with silent flight15,16 and soundless land

ings,17 display brilliant white plumage that reflects ambient 

light.18 This raises the question of why such conspicuous color

ation would persist in a predator built to avoid detection. The 

answer may lie in how moonlight reshapes the nocturnal visual 

world for both predators and prey.

Lunar cycles produce predictable but dynamic shifts in 

night-time illumination,19,20 generating fluctuating lightscapes 

that structure predator-prey interactions,20,21 foraging strate

gies,20,22–24 and communication.20,24–27 From the prey’s 

perspective, bright moonlight can transform open ground into 

a ‘‘landscape of fear,’’ in which illuminated patches are both risky 

and difficult to avoid.20,21 As illumination increases, predators 

may face new trade-offs: brighter conditions can expose them 

to vigilant prey21 but may also create opportunities to exploit vis

ibility—by improving their own detection of prey,20,21 altering 

prey risk perception and hesitation,18,28 or in some cases 

providing unexpected camouflage opportunities against the 

brightened night sky.29

The barn owl’s striking color polymorphism offers a rare natu

ral experiment30 to test how conspicuous coloration functions in 

nocturnal predators exposed to fluctuating moonlight. Individ

uals range from reddish to pure white,31–33 with paler morphs 

likely appearing more conspicuous under moonlight.18 Why 

such coloration persists has sparked debate, and recent work 

has begun to unravel the genomic architecture and evolutionary 

history of this polymorphism.32,34 Two non-mutually exclusive 

behavioral hypotheses have been proposed to explain how 

white plumage may shape predator-prey interactions under 

moonlight. The startle hypothesis posits that moonlight reflected 

off white plumage triggers prolonged freezing responses in ro

dents, thereby increasing capture opportunities.18 By contrast, 

the camouflage hypothesis suggests that pale plumage achieves 

background matching against the brightened night sky, reducing 

detection by prey.29 These hypotheses make distinct predictions 

about how white morphs should behave on moonlit nights, yet 

direct behavioral evidence from free-ranging individuals has so 

far been missing.

Here, we combine high-resolution biologging with lunar light

scape modeling to test these competing, non-mutually exclusive 
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behavioral hypotheses in free-ranging barn owls. By tracking the 

movements of 69 breeding males over 354 nights and analyzing 

more than 17,600 hunting attempts during chick provisioning 

(Figure 1), we ask whether (1) the position and light intensity of 

the Moon influences attack directions relative to the Moon, (2) 

owls adjust their exposure to light by selecting specific periods 

of the night and moonlit versus shadowed microhabitats, and 

(3) such adjustments translate into differences in foraging effort, 

hunting success, and provisioning performance between color 

morphs. These analyses aim to clarify how coloration, behavioral 

plasticity, and environmental light interact to shape moonlight- 

dependent hunting strategies and to place the white-red poly

morphism of barn owls in the broader context of light-mediated 

predator-prey interactions.

RESULTS AND DISCUSSION

White morphs align attacks to increase moonlight 

exposure

According to the startle hypothesis, white barn owls are ex

pected to orient their attacks toward prey so that their ventral 

surface faces the Moon, using lunar light reflected off their 

plumage to increase visual exposure and trigger freezing 

responses in prey.18 By contrast, a pure camouflage scenario 

based on background matching predicts that pale owls should 

preferentially use approach directions and light conditions that 

keep their ventral radiance close to that of the surrounding 

moonlit sky from the prey’s viewpoint, so a camouflaging pred

ator needs not systematically face the Moon but should instead 

select any approach path that maintains low predator-sky 

contrast.3,29

We first used circular statistics to describe how barn owls’ 

attack directions are distributed relative to the Moon’s position 

under different illumination levels. To maximize contrast while re

taining sufficient sample sizes, we focused on 20 red males (co

lor scores 1–4.6) and 20 white males (scores 7.5–8), correspond

ing to the lower and upper quartiles of the continuous scale, 

respectively. Plumage coloration was treated as a continuous 

variable across its full range (scores 1–8) in all subsequent statis

tical models (see STAR Methods). For each hunting event, we re

constructed the attack direction from the descent initiation point 

to the prey location and associated it with the Moon’s azimuth 

and elevation at that time. Lunar illumination was estimated us

ing a high-precision astronomical model19 and categorized into 

three levels based on the empirical distribution of illumination 

values for descriptive purposes: no moonlight (Moon below the 

A B

C

Figure 1. Multisensor biologging reveals the attack direction of hunting barn owls 

This figure illustrates the study area, color polymorphism, and method used to reconstruct attack trajectories from GPS, accelerometry, and pressure data. 

(A) Map of the study area showing the movement trajectories from 69 male barn owls, recorded during 78 individual tracking sessions across 2019 and 2020. 

Trajectories are color coded by individual plumage mean coloration score, ranging from reddish (score = 1) to pure white (score = 8), as shown in the top-left 

reference image. See also Figure S1. 

(B) Example of a single hunting trajectory reconstructed from GPS fixes, with the attack direction (orange arrow) defined as the bearing between the descent 

onset (blue point) and the median position of the post-strike pause (green points). 

(C) Corresponding time series of heave acceleration and pressure data from the same event, used to detect the characteristic vertical motion and altitude drop 

that mark the moment of strike. This integrated approach combines spatial and behavioral data to estimate the direction of each hunting attempt with high 

temporal and positional precision. 

Image of barn owls in (A) courtesy of J. Bierer.
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horizon), low moonlight (illumination 0–0.09), and high moonlight 

(>0.09; maximum ≈0.20; see STAR Methods and Figure 1). Un

der high moonlight, both morphs showed non-uniform attack di

rections but differed in the strength of orientation. White males 

exhibited a clear preferred direction (μ = 220◦) with a relatively 

long mean vector (R = 0.22, p < 0.01), whereas red males 

showed a similar mean angle but a shorter vector (R = 0.08, 

p = 0.015; Figure 2). During these same events, the incoming 

moonlight vector had a mean direction of μ = 0◦ (R = 0.94, 

p < 0.01), indicating that attacks were generally oriented toward 

the Moon (Figure 2). Under low or no moonlight, attack directions 

were much closer to uniform, and Rayleigh tests indicated weak 

or no orientation for both morphs (p > 0.01 in all cases; 

Figure 2).35 Together, these circular analyses indicate that under 

high moonlight, both morphs show directional bias toward the 

Moon, but that clustering is stronger in white than in red males.

We then used a mixed-effects model of the moonlight align

ment vector (MAV) to quantify continuously how the strength of 

this alignment varies with lunar illumination and plumage 

coloration. We quantified an MAV for each hunting attempt 

(Figure 3A). MAV is defined as the scalar projection of the moon

light vector (given by lunar azimuth and elevation, scaled by esti

mated intensity) onto the owl’s attack vector (Equation 1). Posi

tive MAV values indicate alignment (lunar light projected along 

the attack trajectory toward the prey), while negative values indi

cate divergence (attacks oriented away from the Moon). We 

modeled MAV using a generalized additive mixed model 

(GAMM), including moonlight intensity and plumage coloration. 

Because residual variance increased with moonlight intensity, 

we applied observation-level weights derived from a preliminary 

generalized least squares (GLS) model to reduce heteroscedas

ticity (see STAR Methods). The GAMM revealed a strong interac

tion between moonlight intensity and coloration (estimated de

grees of freedom [EDF] ≈ 3.4, F = 23.21, p < 0.001; Table S1; 

N = 7,704 attacks from 69 individuals): MAV increased steeply 

with moonlight intensity in white owls, indicating that they pro

gressively oriented their attacks to be more strongly aligned 

with the moonlight vector as nights grew brighter (Figure 3B). 
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Figure 2. Attack orientations of white and red barn owls under different moonlight conditions 

Circular histograms show the distribution of attack directions for the two extreme color morphs (white plumage score 7.5–8, left column; red score 1–4.6, right 

column) and the distribution of lunar azimuths at the time of each attack (central column). Lunar azimuth refers here to the direction of moonlight propagation at 

ground level, from the Moon toward the Earth’s surface. Data are shown for three moonlight conditions: high moonlight (illumination index > 0.09; max = 0.202), 

low moonlight (0–0.09), and no moonlight (Moon below the horizon). Orange arrows indicate the mean attack direction (μ), while black arrows indicate the mean 

lunar azimuth. Arrow length is proportional to directional clustering (mean resultant length, R). For visual comparison across panels, the mean lunar azimuth is 

additionally shown as a semi-transparent arrow in all plots (transparent when the Moon is below the horizon). Sample sizes, mean directions, R values, and 

Rayleigh test statistics (α = 0.05) are provided within each panel.
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In red males, MAV values remained weakly positive and varied 

little with illumination, consistent with a modest tendency to 

face the brightest part of the sky but without the pronounced 

strengthening seen in white males.

These MAV results indicate that white morphs increasingly 

adopt attack orientations that maximize projected ventral expo

sure to lunar illumination under bright conditions, in line with pre

dictions derived from the startle hypothesis.18 By contrast, a 
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Figure 3. White morphs align attacks to increase moonlight exposure 

(A) Conceptual diagram illustrating how the orientation of an owl’s attack vector ( a
→

, orange) relative to the incoming moonlight direction (m
→

, green) determines the 

projected moonlight alignment vector (MAV; mr
̅→

, blue). MAV is defined as the component of moonlight intensity projected along the owl’s attack direction. MAV is 

a geometric index of alignment between attack direction and moonlight direction and does not represent measured reflectance or luminance. When the owl flies 

toward the Moon, moonlight is projected toward the prey (positive MAV). When flying away, light is diverted in the opposite direction (negative MAV). 

(B) Relationship between ambient moonlight intensity and MAV (GAMM, n = 7,704 hunting attempts across 78 tracks from 69 individuals). See also Table S1. The 

vertical axis shows MAV values. Each point represents an individual-level mean MAV value within one of six equal-width bins of moonlight intensity. Dot size 

scales with the number of hunting attempts per bin, and color reflects mean plumage coloration (darker = redder). Plumage coloration is treated as a continuous 

variable throughout the analyses, and numeric labels shown on the color scale (1–8) are reference values along a continuous gradient and are not used as discrete 

categories. Curves represent smoothed trends for representative red and white morphs, and shaded ribbons indicate 95% CIs. Slight jitter is added for visibility. 

Owl illustrations in (A) by L. Willenegger.
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pure background-matching scenario would not predict such a 

systematic increase in Moon-facing alignment with increasing 

illumination.3,29,36–38

White morphs flexibly modulate spatiotemporal 

moonlight exposure

If white morphs adjust attack orientation to increase alignment 

with the Moon, do they also adjust when and where they hunt 

to exploit the brightest parts of the night? We addressed this 

by examining (1) within-night temporal selection for particular 

illumination levels and (2) spatial use of moonlit versus shadowed 

areas across the lightscape (Figure 4). Lunar cycles and the 

Moon’s apparent motion generate predictable but dynamic 

shifts in nocturnal illumination,19,20 while local structures such 

as trees, buildings, and terrain create fine-scale patchiness in 

the distribution of light and shadow.

For each hunting attempt, we quantified temporal moonlight 

preference as the difference between moonlight intensity at 

each hunting event and the mean moonlight intensity available 

during that individual’s active hunting period that night (see 

STAR Methods; Figure 4A). Negative values indicate that the 

owl hunted during darker-than-average intervals, whereas posi

tive values indicate selection for brighter-than-average intervals 

relative to the temporal light environment it experienced.19 This 

measure captures individual selection for particular time win

dows of illumination, rather than selection on absolute moonlight 

levels (Figure 4A; see STAR Methods). A weighted GAMM re

vealed that temporal moonlight preference depended strongly 

Figure 4. White morphs flexibly modulate spatiotemporal moonlight exposure 

Barn owls adjust their foraging behavior across the lunar cycle, within nights, and across moonlit landscapes in relation to plumage coloration. Plumage coloration 

is treated as a continuous variable throughout the analyses, and numeric labels shown on the color scale (1–8) are reference values along a continuous gradient 

and are not used as discrete categories. 

(A) Timing of 6,039 hunting events by 29 male barn owls across one lunar month (3 June–2 July). The black line shows the change in moonlight intensity throughout each 

night, and the dark green bar shows nightly means. Gray shading denotes night time, and white areas indicate daytime. Circles represent individual hunting events, color 

coded by owl plumage (reddish to white), illustrating the timing and illumination conditions of attacks. See also Figure S1. 

(B) Moonlight preference was modeled as the deviation between moonlight intensity at each attack and the nightly mean moonlight illumination (GAMM; n = 

17,039 attacks across 78 tracks from 69 individuals). See also Table S2. Positive values indicate selection for brighter-than-average periods. Dots show individual 

means across 12 moonlight bins, scaled by the number of attempts. Dot size scales with the number of hunting attempts per bin. Slight jitter is added for visibility. 

(C) Example of modeled moonlight exposure, based on lunar position (azimuth 139◦, elevation 10◦). Illumination levels were estimated from local terrain and 

obstacle height (vegetation in green, buildings in brown) and rendered at 5 m × 5 m resolution, and dark areas indicate full shadow. 

(D) Probability of hunting in shadowed ground, modeled across moonlight intensities (GAMM; n = 7,348 attacks across 76 tracks from 67 individuals). See also 

Table S3. Solid lines show predictions for representative white (score = 8) and red (score = 2.3) morphs, and shaded ribbons represent 95% CIs.
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on both moonlight intensity and plumage coloration (Table S2). 

During bright nights, white males concentrated their hunting ac

tivity during the brightest intervals of their active period, whereas 

during dim nights they tended to avoid relatively brighter periods 

(Figure 4B; Table S2). This pattern indicates flexible timing: white 

morphs exploit strongly illuminated windows when moonlight is 

high but avoid marginally illuminated periods when moonlight is 

low and conspicuousness may not be offset by a strong behav

ioral effect on prey. By contrast, red males showed only a 

modest and more monotonic tendency to hunt during intervals 

slightly brighter than their nightly average (Figure 4B), a pattern 

consistent with taking advantage of improved visibility rather 

than actively amplifying visual exposure.20,23,39

We then asked whether barn owls similarly fine-tune where 

they hunt in relation to local illumination. By combining high-res

olution topography, vegetation, and building data with the moon

light model, we generated shadow maps at 5 m × 5 m resolution 

around each hunting event and classified each attempt as occur

ring in direct moonlight or in shadow (Figure 4C). A binomial 

GAMM showed that the probability of hunting in shadowed 

ground decreased with increasing moonlight intensity and that 

this decrease was more pronounced in white males than in red 

males (Figure 4D; Table S3). White morphs reduced the propor

tion of hunting attempts in shadow from ∼30% under low illumi

nation to ∼5% under high moonlight, while red morphs showed a 

more moderate decline (from ∼20% to ∼10%). Hunting strategy 

also influenced microhabitat choice, with perching (‘‘sit-and- 

wait’’) hunts occurring more frequently in shadow than aerial 

hunts, independent of plumage coloration and moonlight inten

sity (Table S3).

Together, these temporal and spatial adjustments reveal a co

ordinated strategy in white barn owls: they time and place their 

hunts to maximize ventral exposure to strong moonlight when 

it is available, while avoiding periods and areas where their con

spicuous plumage would be exposed (e.g., sit-and-wait hunts) or 

only weakly illuminated. Red morphs, by contrast, show a more 

limited shift toward brighter periods and open areas, consistent 

with a general benefit of better visibility but not with actively 

amplifying conspicuousness.20,21

Few nocturnal predators and prey adjust microhabitat selec

tion so strongly in response to moonlight, and when they do, 

it is typically to reduce predation risk or improve their own detec

tion abilities rather than to increase their detectability to 

others.20,21 In many rodent species, for example, moonlight re

duces activity and drives individuals into cover to avoid detection 

and predation.20,21 This contrast strengthens our interpretation 

that barn owls are not merely tracking prey distribution but 

instead that white morphs actively select bright patches in space 

and time to enhance the functional impact of their bright plumage 

on prey.18,20,36,37

White morphs achieve higher capture rates and shorter 

hunts under bright moonlight

The behavioral adjustments described above raise a key ques

tion: do these strategies translate into foraging performance dif

ferences between morphs? To address this, we modeled three 

complementary metrics across color morphs and moonlight 

levels: (1) per-attack hunting success (capture probability), (2) 

prey capture rate (capture per hour of active hunting), and (3) 

nightly foraging duration (time between the first and last hunting 

attempt).

At the attack level, a binomial generalized linear mixed model 

(GLMM) revealed no strong evidence that capture probability 

changed with moonlight intensity, plumage coloration, and their 

interaction (odds ratio for moonlight × color = 1.02, 95% confi

dence interval [CI] = 0.98–1.08, p = 0.318; Table S4). Capture 

probability also did not differ between attacks occurring under 

direct moonlight, in shadowed areas, or in the absence of moon

light, and these effects did not interact with plumage coloration 

(Table S4). Pairwise contrasts revealed that, within white 

morphs, per-attack success was similar across light environ

ments: capture probability did not differ between attacks per

formed under no moonlight and in shadowed areas (odds ratio = 

0.85, p = 0.45), between no moonlight and moonlit areas (odds 

ratio = 0.91, p = 0.41), or between shadowed and moonlit areas 

(odds ratio = 1.07, p = 0.88). Likewise, red morphs showed no 

significant differences in per-attack success across moonlight 

availability categories (no Moon vs. shadow: odds ratio = 1.11, 

p = 0.86; no Moon vs. moonlit: odds ratio = 0.83, p = 0.30; 

shadow vs. moonlit: odds ratio = 0.75, p = 0.31). Thus, both white 

and red morphs maintained broadly similar and stable attack- 

level success across light environments.

By contrast, hunting strategy had an effect on capture proba

bility. Sit-and-wait attacks were significantly more successful 

than aerial attacks on the wing (odds ratio = 1.29, 95% CI = 

1.17–1.42, p < 0.001; Table S4). This pattern is consistent with 

previous results from the same population, where perching hunts 

were also shown to yield higher strike success than aerial at

tacks17 and reflects intrinsic differences between hunting modes 

rather than light-dependent effects.

Together, these results indicate that neither moonlight nor 

plumage coloration directly affects the success of individual 

hunting strikes. Instead, when considered alongside the tempo

ral and spatial behavioral adjustments described above, they 

suggest that white owls maintain stable per-attack success 

despite increased conspicuousness by flexibly adjusting when 

and where they hunt, thereby translating moonlight exposure 

into higher overall foraging efficiency rather than higher strike 

success per se. These results suggest that the primary effect 

of moonlight and coloration is not on the success of individual 

strikes but on how often and how efficiently owls can launch suc

cessful attacks over the night. Moonlight and coloration shape 

foraging performance indirectly—by altering attack orientation, 

timing, and spatial exposure—rather than by changing the prob

ability that a given strike succeeds.

At the nightly scale, clear differences emerged between morphs 

(Figure 5). White males’ prey capture rate increased markedly with 

mean nightly moonlight intensity and exceeded that of red males 

(GAMM: EDF = 3.93, F = 367.09, p < 0.001; Figure 5A; Table S5). 

At the same time, their nightly foraging duration decreased with 

increasing illumination, especially in bright nights where white 

morphs provisioned their broods in shorter time spans than red 

morphs (LMM interaction moonlight × color: estimate = 2.44, 

95% CI = 0.62–4.27, p = 0.009; Figure 5B; Table S6). Red males 

showed little change in either capture rate or foraging duration 

across the moonlight gradient.

Because per-attack success was similar between morphs, the 

higher capture rate and shorter foraging time of white owls under 

ll
OPEN ACCESS

3082 Current Biology 36, 3077–3087, June 22, 2026 

Article 



bright moonlight are best explained by an increased frequency 

and efficiency of encounters rather than by more accurate strikes 

once an attack is initiated. One plausible mechanism, consistent 

with previous experimental work, is that increased ventral expo

sure of white owls under strong moonlight could increase the 

likelihood of a hesitation response in prey, thereby extending 

the window of vulnerability and allowing owls to initiate more at

tacks per unit time.18 Our field data do not test prey behavior 

directly, so this mechanistic interpretation remains inferential.

Importantly, these performance advantages arise within a 

relatively narrow temporal window. At our study site, illumination 

exceeding 50% of the maximum occurs during only ∼4% of the 

lunar cycle (Figure 4A), concentrated in the few nights surround

ing the full Moon. During these nights, however, high illumination 

can prevail for up to ∼70% of the owls’ active hunting period, 

creating a brief but substantial opportunity to maximize prey de

livery. Given the high energetic demands of rapidly growing 

chicks,40 failing to exploit these windows could reduce chick 

growth and survival. Previous work has shown that barn owls 

in this population time their breeding so that peak chick provi

sioning coincides with the brightest nights of the lunar cycle.18

Our results clarify a key mechanistic link: during those same 

nights, white males achieve higher capture rates and shorter 

foraging bouts by dynamically adjusting attack orientation, 

microhabitat selection, and temporal activity.

Contextualizing moonlight-dependent foraging patterns

Similar light-dependent foraging patterns have been reported in 

other nocturnal or crepuscular predators. Visually oriented in

sectivores such as nightjars (Caprimulgus europaeus) increase 

foraging activity under bright moonlight and may even align 

breeding phenology with lunar cycles, presumably because 

brighter skies improve detection of flying prey and can coincide 

with higher insect availability.20,41,42 These examples show that 

exploiting bright moonlight is not unique to barn owls. What dis

tinguishes our system is that white males combine this general 

benefit of illumination with a coordinated suite of behaviors—ori

enting attacks toward the Moon and preferentially using 

exposed microhabitats—that modulate how their conspicuous 

plumage is presented to prey. Thus, while the underlying mech

anisms may differ among taxa, our results together with those 

from nightjars suggest that lunar lightscapes may represent a 

widespread but under-recognized axis of ecological and evolu

tionary differentiation among nocturnal predators.

Our findings also help reconcile discrepancies with an earlier 

GPS-based study that reported reduced hunting success in 

red morphs under bright moonlight. In San-Jose et al.,18 hunting 

attempts were inferred indirectly from GPS movement patterns 

and considered successful only if followed by a return to the 

nest, which may have underestimated the true number of at

tempts—particularly those made from perches—and may have 

classified some nest visits without prey as successful. By 

contrast, our multisensor biologging approach provides high- 

resolution data that detect individual hunting attempts and their 

outcome with high precision.17,43

Our analysis has important limitations regarding realized 

nocturnal illumination. Specifically, our moonlight estimates 

quantify the lunar component of the lightscape from astronomical 

geometry, topography, and obstacles under clear-sky assump

tions; they are not direct measurements of the total light environ

ment experienced at each hunting event. We lacked time- 

resolved data on cloud cover, atmospheric turbidity, fine-scale 

surface reflectance, and spatially explicit artificial lighting, all of 

which can modify ground-level illumination. These unmeasured 
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Figure 5. White morphs achieve higher capture rates and shorter hunts under bright moonlight 

Prey capture rate and foraging duration in relation to varying lunar illumination in relation to their plumage coloration. Plumage coloration is treated as a continuous 

variable throughout the analyses, and numeric labels shown on the color scale (1–8) are reference values along a continuous gradient and are not used as discrete 

categories. 

(A) Prey capture rate (number of prey items captured per hour of active hunting) as a function of nightly average moonlight intensity. Colored dots represent individual 

nightly capture rates, scaled by the number of hunting attempts per bin and color coded by plumage score (from reddish to white). 

(B) Total foraging duration, defined as the time elapsed between the first and last hunting attempt of the night, shown in relation to moonlight intensity. In both 

panels, solid lines indicate model-predicted means for representative red (coloration score = 2.3) and white (score = 8) morphs, and shaded ribbons represent 

95% CIs. Jitter was applied along the x axis to reduce point overlap. Analyses include 354 nights from 69 individuals and are based on GAMMs (A) and linear 

mixed models (B), respectively. 

See also Tables S4–S6.
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factors are therefore expected to add variance to the illumination 

gradient and reduce precision. They would bias the inference only 

if they were systematically confounded with plumage color or 

sampling time, rather than varying across individuals and nights 

more generally. However, this does not appear to be the case in 

our study, as shown by the distribution of tracking sessions 

across individuals, plumage coloration, and lunar conditions 

(Figure S1; see also Figure 4A). Second, although artificial light 

at night can strongly modify sky brightness and interacts with 

cloud cover in urbanized landscapes,44 we did not have spatially 

explicit data on the intensity, spectrum, and timing of artificial light 

sources across our study area. Our sites are embedded in a pre

dominantly agricultural matrix with relatively low levels of direct 

lighting, but any unaccounted artificial light is again likely to add 

noise around our mechanistic moonlight index rather than to 

create the consistent, morph-specific patterns we report. Taken 

together, these limitations suggest that our estimates of morph 

differences in alignment and foraging performance under bright 

conditions are conservative and may understate, rather than 

exaggerate, the behavioral responses of barn owls to natural lunar 

lightscapes.

Lunar lightscapes may act as a driver of conspicuous 

hunting strategies and color variation

Together, these findings show that conspicuous coloration in 

barn owls confers substantial foraging advantages under 

moonlit conditions when combined with flexible behavior. White 

morphs do not remain static in their exposure. Instead, they flex

ibly adjust their behavior in several coordinated ways: during 

bright nights, they orient their attacks facing the Moon, thereby 

maximizing lunar illumination reflected off their ventral plumage; 

they time their hunting activity to coincide with the brightest pe

riods of the night; and they preferentially select exposed micro

habitats rather than shadowed areas. These strategies collec

tively increase their conspicuousness to prey and allow white 

morphs to achieve higher capture rates and shorter foraging 

bouts without reducing per-attack success. Crucially, this 

advantage is restricted to a narrow set of conditions—bright, 

moonlit nights during breeding—and the same conspicuousness 

is likely to be costly when illumination is low, cloud cover is high, 

or predators themselves face increased predation risk. By 

contrast, red morphs maintain more cryptic strategies, showing 

only slight adjustments in timing or habitat use and no consistent 

orientation toward the Moon. As a result, red morphs maintain 

stable hunting success across the lunar cycle but achieve lower 

overall efficiency during bright conditions. This constellation of 

behaviors is more consistent with a startle-based interpretation 

than with a pure background-matching scenario. More specif

ically, our field data show that white and red morphs differ sys

tematically in attack alignment, temporal use of bright periods, 

microhabitat exposure, and nightly foraging performance under 

moonlight. These behavioral patterns are compatible with a star

tle-based mechanism previously demonstrated experimentally, 

but they do not by themselves constitute direct evidence of 

prey perception or prey freezing in the wild.3–5,18,29,45–47

This study provides evidence consistent with the idea that 

startle-like displays can function as an offensive hunting tactic 

in predators rather than solely as an antipredator de

fense4,45–47—a striking reversal of their classical role. While 

previous work demonstrated experimentally that white plumage 

triggers prey freezing and suggested this mechanism could 

improve hunting success,18 our findings show that white and 

red barn owls differ systematically in how they align their attacks 

with the Moon, use illuminated microhabitats, and adjust 

foraging schedules, and that white males gain a foraging effi

ciency advantage under bright moonlight. These patterns are 

compatible with a startle-based mechanism operating in free- 

ranging predators, even though we did not measure prey 

behavior directly. The ability of white barn owls to dynamically 

exploit moonlight illustrates behavioral plasticity as a key evolu

tionary strategy, allowing them to balance the trade-offs be

tween conspicuousness and stealth. Although earlier studies 

have shown that bright plumage in nocturnal species can facili

tate mate attraction27 or intraspecific signaling,26 intensively 

reflective white plumage has evolved repeatedly in both preda

tors and prey inhabiting dim-light environments.41,48–51 Our re

sults raise the possibility that such traits do not merely enhance 

visibility but also shape detection, hesitation, and other interac

tions under moonlit conditions—offering a new framework for 

understanding conspicuousness in the dark.1,2,14

Finally, the finding that white morphs capitalize on brief win

dows of intense illumination, while red morphs remain consis

tently cryptic, highlights how lunar lightscapes can create fluctu

ating selection pressures that help maintain stable color 

polymorphisms. In barn owls, the prevalence of white color in 

males52—who invest more in provisioning than females17,53— 

and the genomic architecture and spatial dynamics of the 

white-red continuum14,32–34 suggest that moonlight-driven ad

vantages in prey capture could contribute to this sex-biased 

coloration. At the same time, recent genomic work shows that 

the color polymorphism is oligogenic and embedded in a hetero

geneous selection landscape, with color-associated alleles re

sponding to climatic, demographic, and density-dependent 

forces across space and time.32,34 Together with evidence that 

melanin-based traits in this species covary with physiology,54

life history,55,56 and dispersal,57 this implies that red morphs 

are likely favored under alternative ecological conditions so 

that neither morph is universally superior. More broadly, our 

work underscores the potential for nocturnal lightscapes to 

shape the evolution of animal coloration in largely unexplored 

ways.1,2,14 As artificial lighting increasingly transforms natural 

nightscapes,44 understanding how species evolved under lunar 

cycles becomes critical. Disruption of these ancient rhythms 

could reshape ecological interactions and erode evolutionary 

processes finely tuned to the cadence of moonlight over 

millennia.20,21,23,24,44
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethics Statement

All research procedures complied with the legal and ethical guidelines for wildlife research established by the Swiss Department of 

Consumer and Veterinary Affairs. Authorization for GPS tagging free ranging barn owls (Tyto alba) was granted under permits VD, FR, 

and BE 3213 and 3571. Capture and ringing were approved by the Swiss Federal Office for the Environment. All biologging devices 

remained below 5% of body mass, as recommended for avian tracking,64 and were deployed for short periods (maximum 12 days). 

Long-term monitoring confirmed that tagged individuals exhibited survival and reproductive success comparable to untagged 

controls.

Study Area and Tag Deployment

Data were collected from wild barn owls (Tyto alba) breeding in nest boxes distributed across the Western Swiss plateau—a hetero

geneous, predominantly agricultural region interspersed with small woodlands, hedgerows, and isolated trees. This landscape offers 

diverse hunting opportunities and variable light conditions, making it well-suited for studying nocturnal foraging behaviour. Between 

March and August in 2019 and 2020, over 380 nest boxes were regularly monitored for barn owl clutches. Upon detecting a clutch, we 

applied a standardized monitoring protocol (see Frey et al.65) to record brood size, estimate hatch dates, and assess adult plumage 

coloration. These repeated visits enabled accurate reproductive timing and allowed precise biologging deployment.

Barn owls exhibit strong sexual dimorphism in both behaviour and coloration during the breeding season. Females primarily brood 

and provision young at the nest, while males conduct ∼75% of prey deliveries.17 Males are generally paler but show greater colour 

variation,52,66 white females being rare and reddish males relatively common.67 To avoid confounds and maximize variation, all 

behavioural analyses focused exclusively on males.

To monitor barn owls’ nightly foraging behaviour, we collected 78 GPS tracks from 69 unique male individuals across two breeding 

seasons (45 tracks in 2019 and 33 in 2020; Figures 5A and S1). Nine individuals were tracked in both years. Each track corresponded 

to a single owl’s movement across 5–6 consecutive nights. Because nest occupancy, breeding timing, and individual identity could 

not be determined a priori in this wild population, individuals were equipped opportunistically as clutches were detected rather than 

randomly assigned.

METHOD DETAILS

Plumage coloration

Plumage coloration was scored visually using an ordinal 8-point scale assessing breast, belly, flanks, and wing undersides, ranging 

from 1 (dark reddish-brown, hereafter ’red’) to 8 (immaculate white). This scale correlates strongly with spectrophotometric measure

ments of brown chroma55 and provides a reliable proxy for overall plumage brightness. For analyses, we used the average colour 

score across all body parts.

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Barn owls behaviour data Mendeley Data 10.17632/tvnpvhf2yj.2

R Code Mendeley Data 10.17632/tvnpvhf2yj.2

Software and algorithms

R (v4.2.2) The R Foundation https://www.r-project.org/

RStudio Posit Software https://www.rstudio.com/

lme4 (R package) Bates et al.58 https://cran.r-project.org/package=lme4

mgcv (R package) Wood59 https://cran.r-project.org/package=mgcv

circular (R package) Agostinelli and Lund60 https://cran.r-project.org/package=circular

traipse (R package) Sumner61 https://cran.r-project.org/package=traipse

Moonlit (R package) �Smielak19 https://cran.r-project.org/package=moonlit

suncalc (R package) Thieurmel and Elmarhraoui62 https://cran.r-project.org/package=suncalc

shadow (R package) Dorman63 https://cran.r-project.org/package=shadow
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Tag deployment

Tracks were recorded using AXY-Trek bio-loggers (Technosmart, Italy) affixed as backpacks using Spectra ribbon harnesses (Bally 

Ribbon Mills, USA). Devices were deployed ∼25 days after the first egg hatched— coinciding with peak male provisioning effort. To 

minimize disturbance effects, data collection began on night 1 (∼24 hours after deployment), following a one-day acclimation period. 

Loggers were recovered after 10 ± 2 days, yielding 5 ± 1 nights of data per individual.

GPS units recorded location at 1 Hz (one fix per second) from 30 minutes before sunset to 30 minutes after sunrise, covering the 

entire nocturnal foraging period. Tri-axial accelerometers recorded continuous acceleration at 50 Hz (±16g dynamic range; 10-bit 

resolution), allowing fine-scale behavioural classification. Integrated pressure sensors recorded barometric changes at 1 Hz 

(accuracy ±10 mBar; resolution 20 mBar). On average, loggers weighed 12.4 g ± 0.1 g, which represents ∼4 ± 1% of owl body 

mass (Males average body mass 281 ± 16.5 g). Loggers strictly remained within the recommended 5% threshold for minimizing be

havioural interference.64

Camera trap validation

To validate accelerometer-based hunting success estimates, motion-activated cameras (Reconyx HC500 Hyperfire) were installed 

at nest entrances. These cameras recorded prey deliveries and independently confirmed successful foraging events,17 supporting 

the reliability of acceleration-derived metrics.

Data processing

Hunting event detection

We applied a Boolean-based algorithm43 to the tri-axial acceleration data to identify hunting events with high precision, enabling 

detailed analysis of foraging strategies relative to moonlight exposure. Following Schalcher et al.,17 hunting strikes were defined 

as rapid descents from flight to ground, characterized by a distinctive acceleration signature marking the final attack phase. Each 

strike was annotated for outcome (capture vs. miss).

Attack orientation

To estimate attack orientation (in radians), we calculated the bearing from the descent initiation point to the prey location (Figures 5B 

and 5C). The start of descent was identified from barometric pressure data as the onset of sustained pressure increase (reflecting 

altitude loss). The prey location was estimated as the median of GPS positions recorded during the stationary phase following 

each strike. Bearings were computed using the ‘track_bearing_to’ function from the R package ‘traipse’ (v. 0.3.0),61 which robustly 

estimates directionality between sequential GPS coordinates.

Moonlight intensity

Moonlight intensity at the time and location of each hunting event was estimated using the ‘calculateMoonlightStatistics’ and ‘cal

culateMoonlightIntensity’ functions from the R package Moonlit,19 which incorporate lunar disk brightness and Earth–Moon dis

tance. The output is a continuous, relative moonlight intensity index scaled between 0 and 1, where 1 represents the brightness 

of a full moon at zenith at mean lunar distance. This standardized metric facilitated cross-event comparison of ambient illumination. 

In practice, moonlight intensity values observed in our dataset ranged from 0 (Moon below the horizon) to approximately 0.2. For 

descriptive and visualization purposes (e.g. circular representations), this continuous variable was additionally categorized into three 

levels—no moonlight (Moon below the horizon), low moonlight (illumination 0–0.09), and high moonlight (> 0.09)—with thresholds 

defined based on the empirical distribution of illumination values. All statistical models, however, treated lunar illumination as a 

continuous variable.

Moonlight alignment vector

To quantify the component of moonlight projected along the owl’s attack trajectory, we used a vector projection approach to derive a 

continuous ‘‘Moonlight Alignment Vector’’ (MAV) (Equation 1; Figure 2A). For each hunting attempt, we defined the moonlight vector 

from the Moon’s azimuth and elevation (using ‘getMoonPosition’ function from the R package suncalc, v0.5.162), scaled it by relative 

moonlight intensity (from R package Moonlit19), and projected this vector onto the owl’s attack vector using

MAV = − I × cos(θ) (Equation 1) 

I is the moonlight intensity (scaled 0–1), and θ is the angular difference between owl attack direction and incoming moonlight vector. 

The resulting vector takes positive values when attacks are aligned with incoming moonlight (Moon illuminating owl’s frontal body), 

and negative values when attacks are oriented away from the Moon (Figure 2A).

Shadow mapping

To assess spatial moonlight exposure, we generated high-resolution shadow maps accounting for local topography and vegetation 

(Figure 3C). For each hunting event, we calculated lunar position and modelled shadows cast by buildings, trees, and forests within a 

500 m buffer. Obstacle heights were derived from high-resolution Swiss digital surface models (DSM, Swisstopo). Forests were sub

divided into 2 × 2 m grid cells to resolve fine-scale canopy structure.

Shadows were modelled using the ’shadowHeight’ function from the R package shadow (v0.7.163) which calculates the height 

of shadow cast on the ground given obstacle height and lunar position. Habitat features were classified using the TLM3D catalogue 

(1-3 m resolution), and surface elevation and object heights were obtained from swissALTI3D and swissSURFACE3D (both at 0.5m 

resolution). Final raster maps (5 × 5 m resolution) provided spatially explicit estimates of moonlight exposure, allowing us to classify 

each hunting attempt as either moonlit or shadowed.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical framework

All statistical analyses were conducted in R version 4.2.268 using RStudio.69 We used the packages lme4 (v1.1-27.158) for Linear and 

Generalized Linear Mixed Models (LMMs and GLMMs), mgcv (v1.8-3459) for Generalized Additive Mixed Models (GAMMs), and the 

circular package (v0.4-9560) to analyse angular data.

For continuous and count responses (e.g., projected moonlight, prey capture rate, foraging duration), we fitted LMMs, GLMMs, or 

GAMMs depending on the response distribution and whether non-linear relationships with illumination were expected. Random in

tercepts were included for individual identity (Bird ID) and for deployment (TrackID), with deployments nested within individuals. A 

deployment refers to a continuous recording period of 5–6 consecutive nights during which a single individual carried a bio-logger. 

This random-effects structure accounts for repeated nightly observations within a single deployment and for repeated measure

ments of the same individual across deployments or years and was applied consistently across all models.

Model selection focused on the fixed-effect structure and was guided by Akaike Information Criterion (AIC) and biological inter

pretability. This multi-model framework allowed us to capture non-linear responses to moonlight intensity (via smooth terms in 

GAMMs), control for repeated sampling inherent to the study design (via random effects), and incorporate interactions between 

colour morph, illumination, and microhabitat. All predictor variables were checked for multicollinearity using variance inflation fac

tors (VIF), and continuous predictors were centred and scaled prior to modelling to improve interpretability and convergence. 

Descriptive statistics are reported as mean ± standard deviation (SD), unless otherwise specified. All p-values are two-tailed 

and statistical significance was assessed at an alpha level of 0.05. We analysed barn owl foraging behaviour using a unified sta

tistical framework encompassing (i) attack orientation, (ii) spatiotemporal moonlight exposure, and (iii) foraging performance 

outcomes.

Attack orientation

To evaluate whether barn owls oriented their attacks in relation to the Moon, we first described the distribution of attack directions 

under different moonlight conditions. Attack orientation (in radians) was estimated as the bearing from the descent initiation point to 

the prey location, as described above. For descriptive circular statistics, we used Rayleigh tests to quantify the degree of directional 

clustering within each combination of colour morph and moonlight category. Rayleigh tests were conducted separately for white and 

red morphs, defined as individuals in the upper (colour scores 7.5–8) and lower (scores 1–4.625) quartiles of the continuous plumage 

scale, respectively, thereby maximizing contrast while retaining adequate sample sizes. We further stratified attacks into three moon

light conditions based on the empirical distribution of illumination values: (1) no moonlight (Moon below horizon), (2) low moonlight 

(intensity 0–0.09), and (3) high moonlight (intensity > 0.09; maximum ≈ 0.20). For each morph × moonlight combination we report 

mean direction, mean vector length (R), and associated Rayleigh p-value. Because attacks within individuals and nights are not 

strictly independent, we use the Rayleigh tests as descriptive summaries of directional bias within morph × moonlight classes. 

Our main inferential analysis of morph-specific alignment is provided by the mixed-effects MAV model, which quantifies continuously 

how alignment strength varies across the moonlight gradient and the full plumage-colour continuum.

Alignment to moonlight vector

We modelled moonlight alignment vector (MAV)—defined as the vector of moonlight projected along the owl’s attack vector—using a 

GAMM to test whether plumage coloration modulates the alignment between attacks and lunar illumination across the moonlight 

gradient. Because residual variance in MAV estimates increased with moonlight intensity (heteroscedasticity), we first fitted a Gener

alized Least Squares (GLS) model with an exponential variance structure, varExp(form = ∼moonlight intensity), including hour of 

night, moonlight intensity, and plumage coloration as fixed effects. We then used the absolute GLS residuals to derive observa

tion-level weights (inverse of residual magnitude), which down-weighted high-variance observations in the final GAMM and improved 

model stability.

The final GAMM included plumage coloration, moonlight intensity, year, hour of night, and their interaction (smooth interaction be

tween moonlight intensity and coloration) as fixed effects. This model provides the main inferential test of whether colour morphs 

differ in their use of attack orientation to modulate moonlight reflection, while Rayleigh statistics provide complementary descriptive 

information on orientation bias. Only attacks occurring under direct moonlight were included, ensuring that modelled MAV values 

correspond to biologically relevant illumination.

Spatiotemporal modulation of foraging exposure to moonlight

Moonlight varies across both time and space,19,20 creating a dynamic nocturnal lightscape. To understand how barn owls exploit 

these fluctuating conditions, we examined (i) within-night temporal preferences for particular light conditions and (ii) spatial exposure 

to moonlit versus shaded areas. Together, these analyses quantified how barn owls adjust when and where they hunt in response to 

the lunar lightscape.

Within-night temporal moonlight preference

To quantify how barn owls selectively adjusted the timing of their hunting activity relative to the nightly lightscape, we calculated a 

within-night measure of ‘‘moonlight preference’’ for each hunting attempt. Temporal moonlight preference was defined as the relative 

difference between (i) the moonlight intensity at the time and place of each hunting attempt and (ii) the mean moonlight intensity 
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available during that individual’s active hunting period (time interval between its first and last detected hunting attempt) and spatial 

range (locations of hunting attempts) on that night. Negative values indicate that the owl hunted during periods that were darker than 

average illumination it experienced that night, whereas positive values indicate hunting during brighter-than-average periods. This 

measure therefore captures selection for particular time windows of illumination relative to what was temporally available within 

the night, rather than selection on absolute moonlight levels. We modelled temporal moonlight preference using a weighted 

GAMM, allowing for non-linear responses to moonlight. Because the variance of moonlight preference increased with nightly 

mean illumination, we first fitted a GLS model with an exponential variance structure, varExp(form = ∼nightly mean moonlight inten

sity), including hour of night, plumage coloration, and nightly mean moonlight intensity as fixed effects. Observation-level weights 

were then computed as the inverse of the absolute GLS residuals and applied to the GAMM.

The final GAMM for temporal preference included Year, hour of night, plumage coloration and nightly mean moonlight intensity as 

fixed effects. To focus on behavioural responses to direct moonlight, we excluded hunting attempts that occurred when the Moon 

was below the horizon or in locations where obstacles fully blocked lunar illumination (shadowed areas).

Spatial moonlight exposure

To assess spatial use of moonlit versus shaded areas, we modelled whether each hunting attempt occurred in shadowed (coded 1) or 

under direct moonlight (coded 0) using a GAMM with a binomial response. Fixed effects included plumage coloration, hunting strat

egy, hour of night, and nightly mean moonlight intensity. Shadow status was derived from high-resolution spatial maps integrating 

lunar position, obstacle height, and terrain (see above). Obstacles included forests, trees, and buildings within 500 m of each hunting 

location. We restricted analyses to nights when the Moon was above the horizon, thereby ensuring that shadow classification re

flected biologically meaningful lunar exposure.

Foraging outcomes under moonlight: success, rate, and duration

To test whether behavioural adjustments to moonlight translate into functional foraging differences between colour morphs, we 

modelled three complementary performance metrics: (1) per-attack hunting success (capture probability), (2) prey capture rate (cap

tures per hour of active hunting), (3) nightly foraging duration (time between first and last hunting attempt).

Per-attack hunting success

We modelled the probability of prey capture at each hunting attempt using a generalized linear mixed model (GLMM) with a binomial 

error distribution (success = 1, failure = 0). Fixed effects included year, brood size, moonlight intensity, plumage coloration, and the 

interaction between moonlight intensity and plumage coloration, all treated as continuous predictors to test for morph-specific re

sponses to lunar illumination. We additionally included hunting strategy (aerial vs. sit-and-wait) and moonlight availability at the hunt

ing site (no moonlight, shadowed areas, and directly moonlit areas) as categorical covariates to account for differences in hunting 

mode and local illumination geometry.

Prey capture rate

Nightly foraging efficiency was quantified as the number of successful captures per hour of active hunting. We modelled prey capture 

rate using a GAMM with a Tweedie distribution and log link to accommodate zero inflation and continuous positive values. Fixed ef

fects included year, brood size, nightly moonlight intensity, plumage coloration, and their interaction (moonlight × plumage colora

tion). To account for variation in nightly foraging effort, we weighted observations by the total number of hunting attempts per night, 

reducing the influence of nights with unusually low foraging activity.

Foraging Duration

Nightly foraging duration (time between the first and the last hunting) was modelled using an LMM. Fixed effects included year, moon

light intensity, brood size, overall activity level, and the interaction between moonlight intensity and plumage coloration. This model 

evaluates whether any advantages in prey capture rate under bright conditions are accompanied by reductions in nightly foraging 

time, consistent with more efficient provisioning during moonlit periods.
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