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Camouflage is often considered a daytime phenomenon based on light and shade.
Nocturnal camouflage can also occur, but its mechanistic basis remains unclear. Here,
we analyze the conditions for background matching (BM) of avian predators against the
night sky. Such concealment is achieved when the contrast between the predator and
the sky is smaller than the contrast detection threshold of prey. This condition cannot
be fulfilled under isotropic skies, as in fully overcast or moonless nights. However, on
clear moonlit nights, the isotropy of the sky radiance is broken due to the presence of
the Moon, and the conditions for BM can be met for a wide range of sky directions.
This effect is mainly dependent on the altitude of the Moon above the horizon, rather
than on Moon phase. We have modeled the feasibility of concealment through BM of a
typically white barn owl (7jzo alba) when hunting rodents, based on its contrast against
the moonlit sky. We considered the radiometric quantities of the sky, the ground, and the
bird’s undersides. Our results show that a barn owl with highly reflecting underparts may
approach a rodent from broad regions of the moonlit sky while keeping itself below the
contrast detection threshold of the mouse M-cones and rods. S-cones, in turn, remain
below their excitation threshold for most of the lunar cycle. Our results demonstrate that
the white color of barn owls serves as camouflage tailored to the moonlit sky background,
providing a mechanistic basis for understanding nocturnal camouflage.
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Since the pioneering works of Thayer (1) on camouflage and crypsis more than a century
ago, considerable research effort has been directed toward understanding the adaptive
functions of animal coloration (2, 3), including signaling (4, 5), thermoregulation (6),
and concealment in both terrestrial and aquatic environments (7).

Avoiding visual detection is one of the functions of the integument, including bird
plumages and mammal coats, conferring advantages to both predators and prey. Several
basic mechanisms have been proposed to reduce the detectability of an individual within
the visual field of the receiver, including self-shadow concealing (SSC) and background
matching (BM) (7). SSC acts by reducing the monocular depth clues, making it more
difficult the perception of the three-dimensional shape of the object that is used to separate
objects from their background (8). BM acts by canceling out the Weber contrast of the
individual against the surrounding background. It has been hypothesized that the widely
different spectral reflectances of the dorsal and ventral parts of the bodies of many species
are instrumental in enabling SSC, BM, or both.

Several works have pointed out that BM against the sky might not be perfectly attainable
under natural light illumination due to the highly variable photic environment and, more
decisively, to the typically large imbalance between downward and upward radiances,
particularly in aquatic environments (9, 10). As a matter of fact, when the radiance incident
on an object is equal to or smaller than the radiance of the background, the conditions
for contrast cancellation cannot generally be met, because the object reflectance cannot
surpass the value of unity and the object therefore looks darker than the background. This
is the situation commonly experienced under nearly isotropic skies (e.g. fully overcast, or
clear moonless starry nights) as well as in media with intense multiple scattering (e.g.
dense fog, or aquatic environments). In such cases, an additional contribution of light
(e.g. through bioluminescence) is needed to increase the radiance from the object and
thus fulfill BM conditions (11).

However, when the Sun or the Moon is present above the horizon, the isotropy of the
illuminant is broken and this gives rise to drastic changes in the visual landscape: On the
one hand, the radiance from different sky directions may vary across several orders of mag-
nitude, providing backgrounds with very different brightness (see, e.g., refs. 12-17), and,
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on the other hand, the upward radiance is highly increased due to
the ground reflection of the direct Sun or Moon illumination. Both
effects acting together open up the possibility of achieving the
required BM balance. Despite its potential role in BM, the angular
distribution of environmental light under these circumstances has
received little attention in camouflage studies (but see refs.
18-20).

Here we use a nocturnal avian predator as a model to show that
strongly anisotropic skies, typical of clear sunny days and moonlit
nights, provide the required conditions for enabling the predator
to conceal itself through BM and thus avoid being detected by
prey located on the ground. Besides abiotic factors, such as the
position of the Moon on the sky, the reflectance properties of the
terrain, and the state of the atmosphere (e.g. aerosol content), an
in-depth analysis of this issue requires consideration of some
aspects of the predator—prey system, including the plumage char-
acteristics of the predator, its overall coloration, the visual system
of the prey, and the predator’s diet and foraging mode. The barn
owl (Zjto alba) has white ventral areas, as well as a white facial
disk, and therefore its overall appearance differs from the highly
patterned melanized plumage of all other members of the
Strigiformes (6), except Bubo scandiacus, a species that occupies
arctic tundra environments. Barn owls typically forage in open
areas, often in urban or agricultural landscapes (21). In addition,
they are unique among owls in their foraging mode and angle of
attack in the final approach to the prey: While most owl species
hunt by diving obliquely from a perch to the ground, barn owls
typically hunt by flying and hovering and finally diving vertically
to the ground [(22); SI Appendix, Fig. S1].

Barn owls are polymorphic in plumage color, varying from pure
white to rufous in the ventral parts. The reddish color is due to
variable contents of pheomelanin pigments (23). It has recently
been shown that red owls are less successful than white owls at
capturing rodent prey on moonlit nights, resulting in differential
fitness effects of moon phase on each color morph (24). Color-
dependent effects of moon phase are hypothesized to reflect an
advantage for the whitest olws under full-moon conditions because
bright moonlight makes them more conspicuous to rodents and
induces longer freezing times, facilitating their capture (24). This
hypothesis is based on the assumption that a white ventral plum-
age is brightly perceived by their prey, which somehow do not
react. Other authors also assumed that a white plumage increases
conspicuousness against a dark background (25). We offer addi-
tional insights into this topic and, in fact, propose a different
hypothesis, that on nights when the Moon is above the horizon
the whitest owls are more difficult to detect than more melanized
ones because their white plumage better matches the background
of the moonlit sky given the visual system of their rodent prey.
Barn owls are known to hunt prey by hearing, and also for being
themselves silent flyers (e.g., ref. 26). Concealment (this study)
and conspicuousness (24) as mechanisms contributing to preda-
tion are substantially different from each other and may even seem
contradictory, but they are not necessarily so. While it would be
contradictory that barn owls did their best to avoid being detected
visually and by sound while showing themselves bright and con-
spicuous at the same time, both strategies could be synergistically
used as long as they operate in nonoverlapping segments of the
flight path (e.g., initial approach and final strike).

Our approach consists of four sequential steps: i) an assessment
of the structural components of the nocturnal light environment and
a formalization of the isomorphic relationship between moonlit
nightscapes and their daytime sunlit counterparts; ii) a calculation
of the conditions for BM in terms of the Posch ratio of the sky light
(i.e. the ratio of the global horizontal irradiance to the direction-
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dependent sky radiance; see refs. 27-29); iii) an estimation of both
the conditions for BM in the photoreceptor passbands of the prey
and of the maximum distances at which the predator may be visually
detected based on the general properties of the contrast sensitivity
functions (CSF) of the prey; and iv) an integrated assessment of the
feasibility of nocturnal camouflage of barn owls through BM.

Results

Modeling BM Under Moonlight.

The structure of the nocturnal landscape. Humans tend to perceive
the natural night as a rather dark and uninformative environment.
However, this is not so for nocturnally adapted species (30-34).

On moonless nights free from artificial light pollution, the visual
nightscape in the optical region of the electromagnetic spectrum
is dominated by the brightness of the starry sky and its reflections
on the ground. The radiance of the starry sky can be efficiently
modeled in any retinal photoreceptor spectral band ((35, 36);
see example in SI Appendix, Fig. S2). The Moon is the main
source of natural light at night in pristine areas. The horizontal
illuminance of a full Moon may reach values of ~0.3 | x, two
orders of magnitude larger than the illuminance of the moonless
sky. The spectral irradiance of moonlight at the upper layers of
the terrestrial atmosphere, Ey (A;g), can be calculated using the
Kieffer and Stone (37) ROLO model as:

2 2
lau DMO) v
E ﬂ; = —_— —A A; E (A), 1
)= (52 ) (R2) 2atre)io.

where Eg(A) is the extra-atmospheric Sun spectral irradiance, 4 is
the wavelength, g is the Moon signed phase angle (¢ = 0° for Full
Moon, 0°< g <180° for the waning Moon, g =180° for New Moon,
and —180°< g <0° for the waxing Moon), Dg) is the actual distance
Sun-Moon measured in astronomical units of distance, au (1 au=
149 597 870.7 km), Dy;y is the distance from the Moon to the
observer in km, with Dy, = 384 400 km, and 2, =6.4177x10"
st is the solid angle of the full Moon at nominal Dy;q distance.
A (zl;g) is the ROLO disc-equivalent reflectance factor of the Moon
(unitless), called “disk-equivalent albedo” in ref. 37.

To formalize our calculations, let us denote by L(z, @32, (ps;ﬂ;g)
the spectral radiance of the moonlit sky, as seen by a ground
observer looking at an arbitrary direction oriented at angles z
(zenith distance) and @ (azimuth) during phase g of the lunar
cycle, when the Moon is located in the direction (z,, ¢ ) (for basic
geometric and radiometric definitions see ST Appendix). For most
directions on the sky this radiance is due to moonlight scattered
by the terrestrial atmosphere. If the observer is looking directly
at the position of the Moon on the sky (z =2z, 9 =), then its
strong direct radiance (only attenuated by propagation through
the atmosphere) shall be added to the scattered radiance term. The
resulting spectral radiance of the sky can be written as

L(Z, 03z, P Aig) = Y’(Z, @3z, (PS;A)EM(ﬂ;g), (2]

where ¥ (2, @3z, ;3 A), is a function with units inverse sterradians
(st relating both radiometric quantities, irradiance, and radiance.
This function depends on the relative angles of illumination
(2, @,) and observation (z, ), and on the molecular and aerosol
optical properties of the atmosphere for each wavelength 4, but
not on the amount of moonlight that reaches the upper layers of
the atmosphere (see refs. 14, and 15). The direct radiance term can
be calculated by applying the Lambert-Bouguer law of exponential
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attenuation to the Moon extra-atmospheric irradiance, taking into
account the Moon zenith angle and the vertical molecular and
aerosol extinction profiles of the atmosphere. An online calculator
of radiometric and photometric indicators of moonlight is available
at https://gambons.fqa.ub.edu/moon.html). Moonlit nightscapes
are nearly isomorphic to daytime landscapes. The function ¥ holds
the key of the remarkable similarity between moonlit nightscapes
and their daytime counterparts (see S/ Appendix, Fig. S3A and
“Isomorphy of nocturnal and diurnal landscapes”).
A simplified model for narrow-band BM against the night sky. For
simplicity, we refer here to the case of a predator located on the
vertical of its prey (Fig. 1), although the results can be immediately
applied to predators seen against any arbitrary direction (z, @) in
the sky hemisphere. From a formal standpoint, BM equations
are strictly valid only if the radiometric quantities displayed in
Fig. 1 are interpreted as spectral densities, that is, as spectral
radiance, irradiance, and reflectance. They apply separately to
cach elementary spectral interval. However, all equations are
approximately valid for the practically interesting case of the
photon flux captured by narrow-band retinal photoreceptors
(bandwidth < 100 nm), a taxonomically widespread trait, and
for their associated contrasts. In this sense, the formulation here is
a simplified but insightful BM model The rigorous BM model for
arbitrary photoreceptor bandpass, including potential fluorescent
reemission by the predator, is developed in S Appendix under
“Full spectral model for in-band BM”, and is used for computing
the numerical results shown in the case study below.

The sky radiance in an arbitrary direction is denoted by L(z, @).

L stands for the zenith radiance, i.e. Ly = L(0°, 0°). E s the irra-

diance incident on ground, calculated according to S/ Appendix,
Eq. S11. Assuming a Lambertian reflection on the ground —i.e.,
ground reflectance factor p, independent of the illumination and

reflection directions— the radiance Lg reflected from the ground for

any direction is given by SI Appendix, Eq. S16 for any direction.
'The radiance from all points on the ground propagates to the ventral
side of the avian predator, whose reflectance can be assumed
Lambertian and is described by its reflectance factor p_, producing
a downward radiance L. The irradiance on the dorsal, upward-
facing side of the predator is for all practical purposes equal to the
irradiance incident on ground, if its flight altitude above ground
level does not exceed a few hundred meters. This irradiation gets
reflected on the avian dorsal side, assumed Lambertian and with a

Fig. 1. Radiometric quantities for analyzing camouflage of an avian predator
through BM against the sky, as seen from a prey on the ground. L(z, ¢), sky
radiance from the direction defined by the zenith angle z and azimuth ¢; Lg,
zenith sky radiance; E;, irradiance incident on ground; g ground reflectance
factor; L3 ground re?lected upward radiance; p;, avian ventral reflectance
factor; L7, avian reflected downward radiance; p}, avian dorsal reflectance
factor; L}, avian reflected upward radiance (see text for details).
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reflectance factor p;’, and gives rise to a reflected upward radiance
Lt
’
Under these assumptions, the conditions for perfect BM can
be easily derived for each elementary spectral interval. The Weber
contrast between the predator and the immediate surrounding

sky is:
[--I, L~

7w I I, 1. [3]

BM of the predator against the zenith sky occurs when the

Weber contrast of the predator’s ventral side cancels out (yy = 0),
a condition equivalent to equating the radiances L = L.

By repeated application of S Appendix, Eq. S16 to the relevant

radiometric quantities, the value of L can be derived in terms of

£ The individual steps of this calculation are Lg+ = ( Pg/ ”)Eg_ ,
E; = 7[[,;_ (irradiance incident on the ventral side of the predator,
due to the Lambertian radiance from the whole ground plane),
and L = (pa_ /7r)E;r = (pa— pg/7r>Eg_. The Weber contrast is

then:

0neE;

=

and the condition for zenith BM becomes:

<pa_pg/7r><Eg_/L0> =1. [5]

The factor £ /L is the ratio of the ground irradiance produced
by the hemispherical radiance distribution L(z, ¢) to the value of
the radiance at the zenith, L. This quotient, with units sr, is a
particular instance of a Posch ratio (see refs. 27-29). In terms of
the zenith Posch ratio P, = Eg_ /L, the condition for BM against

the zenith sky is finally given by:

Py=—2—. (6]

P, Pg
Eq. 6 shows that narrow-band BM can be achieved if the sky
radiance distribution surrounding the object (including all light
sources mentioned above) is such that its Posch ratio E; /Lgequals

n/p; Pg- To get some insight about the order of magnitude of the

quantities involved in this calculation, let us notice that for typical
reflectance factors of the ground (,0g ~ 0.1 -0.2) and highly
reflecting objects (p ~ 0.5), perfect BM could be achieved if

E; /Ly ~ 30 — 60sr. It has been widely accepted that this is seldom

attainable in practice due to the assumed large difference between
the downward and upward radiant flux in nonurbanized areas of
our planet. This argument, however, overlooks some key direc-
tional effects of the illumination provided by the Sun or the Moon
when they are shining above the local horizon. It is true that in
conditions of nearly equal radiance arriving from all upward hem-
isphere directions, L(z, ¢) & L, e.g. under overcast skies or in the
midst of a dense fog, the Posch ratio is Py = £ /L, ~ &, and hence
according to Eq. 6 fulfilling BM conditions would require
P, by ~ 1, implying a clearly unrealistic perfectly diffuse reflectance

from both ground and predator. However, when the Sun or the
Moon are present on the clear sky, the irradiance £ on the ground
can be much larger than 7 times the radiance of the region of the
sky against which the predator is seen (in our present example, the
radiance at the zenith, L;). In these conditions, very large values

https://doi.org/10.1073/pnas.2406808121

3of 11


https://gambons.fqa.ub.edu/moon.html
http://www.pnas.org/lookup/doi/10.1073/pnas.2406808121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2406808121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2406808121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2406808121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2406808121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2406808121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2406808121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2406808121#supplementary-materials

Downloaded from https://www.pnas.org by UNIVERSIDAD DE GRANADA on December 17, 2024 from |P address 150.214.36.188.

4 of 11

of P allowing to fulfill the BM condition in Eq. 6 can be actually
experienced (81 Appendix, Fig. S5).

Note that Eqs. 4-6 can be applied to predator locations other
than the zenith by just replacing in these formulae L, by L(z, ¢),
and Py by P(z, p) = E /L(2, @). Details on the general properties
of the Posch ratios, thé full spectral model for in-band BM, CSE
and estimated maximum detection distance are in S/ Appendix.

As a final remark, camouflage of a predator against the sky, as
seen from ground, is more difficult to achieve than camouflage of
a prey against the surrounding substrate, as seen from above, since
the latter case only requires matching the spectral reflectances of
prey, pys *, and ground (pJr = p+) When this is achieved, camou-

flage becomes mdependent from the illumination conditions. A
very interesting set of observations of this match in the nocturnal
environment in marine shallow waters (2 to 5 m depth) can be
found in ref. 31.

Feasibility of BM Against the Moonlit Sky in Prey Photoreceptor
Bands: A Case Study. The analysis of the role of BM in the
predator—prey interaction system formed by barn owls and
rodents is based on the CSF and estimates of maximum detection
distance given in ST Appendix. Our goal is to get basic insights
about the order of magnitude of the involved effects. Evaluating
the feasibility of BM in this predator—prey system requires i) a
fully spectral model of the radiance of the moonlit sky, ii) field
data of the terrain spectral reflectance, iii) empirical data on the
angular and spectral properties of the light reflected by the barn
owl plumage, and iv) a model of rodent vision, including the shape
and values of the appropriate CSF functions.

Sun and Moon extra-atmospheric spectral irradiances and radi-
ance of the moonlit sky. For calculating the Moon irradiance
Ey(Asg) in Eq. 1 we used the extra-atmospheric Sun irradiance
spectrum E © (A) sun_reference_STIS_002 from the CALSPEC
database (38 39) The original irradiance data in energy units
erg-s. Lem ™A™ were first transformed to J.s-m>nm ', and
subsequently to photons-s™-m™.nm™" (S7 Appendix, Fig. 6S) by
multlplymg the energy spectra by A/bc, the inverse of the photon
energies, where A is the wavelength (in m), 4 = 6. 62607015x 107
J-s is the Planck constant, and ¢ = 2.99792458x10° m-s™" is the
speed of light in vacuum (40).

The effective Moon reflectance factor A(i;g) was obtained for
each Moon phase from the ROLO coeflicients tabulated for a
discrete set of wavelengths and equation 10 of ref. 37. Note that
in their equation the variable ¢ is the absolute value of the phase,
not the signed one. The resulting reflectance factor was interpo-
lated in a more closely spaced set of wavelengths, and subsequently
smoothed to match the overall shape of a linearly transformed
version of the reflectance spectrum of a mix of Apollo lunar soil
samples (figure 8 of ref. 37). The smoothed values were further
corrected by taking into account refs. 41-43. Several A(4;g)
curves for different Moon phase angles are shown in SI Appendix,
Fig. S3. Note that these curves have similar shapes, and that their
values depend strongly on g because A( ;g ) includes the effect of
the changing angular size of the Moon illuminated fraction.

From A(ﬂ;g) the Moon irradiance £y, (ﬂ;g) is obtained using
Eq. 1, and the all-sky radiance and derived photometric quantities
are then calculated using Eq. 2. The atmospheric PSF
T(z, @52, (ps;/l) in Eq. 2 is composed of two terms, one account-
ing for the scattered light and other for the direct radiance. The
scattered light term is given by the factor multiplying the irradi-
ance F5(A) in equation 18 of ref. 15, applied here separately to
each individual wavelength. The parameters chosen are as follows:

https://doi.org/10.1073/pnas.2406808121

The airmass number was calculated using the expression by ref.
44, M(2) = 1/ [cosz+0.50572 (96.07995 — z)~1-63%4], with the

zenith angles z expressed in degrees. The molecular optical depth
of the atmosphere at different wavelengths was calculated according

to ref. 45 as Tp(4) = 0.008794497 with A expressed in micron.
‘The aerosol optical depth of the atmosphere 75 (4) and the aerosol
properties (Henyey-Greenstein asymmetry parameter and albedo)
were specified at Ay = 550 nm, and their spectral dependence eval-
uated according to Eqs. 6-8 respectively, of ref. 46, with Angstréom
power law scattering and absorption exponents equal to 1.0. The
direct radiance term of the PSF in Eq. 2, in turn, is given by the
exponential Lambert-Beer’s law describing atmospheric attenua-
tion along the direct light path, divided by the solid angle sub-
tended by the illuminated fraction of the Moon at each phase angle
and distance to the Earth (see S/ Appendix, Fig. S7 for typical values
of the horizontal illuminance and average hemispheric luminance
of moonlight for different Moon altitude angles).

Ground spectral reflectance. The reflectance of the soil plays
an important role in any BM mechanism of avian predators
against the surrounding sky, since it determines the fraction of
downward sky radiation that will be reflected upward, acting as
the source illuminating the avian ventral surfaces while on flight
(SI Appendix, Fig. S8).

Optical properties of the barn owl plumage. White plumages are
highly reflective. This generally arises from incoherent scattering
in disordered micro- or nanostructures with negligible absorption
surrounded by air, as a result of multiple achromatic reflections
(47). However, there are few published data on barn owl
reflectance in the spectral region (300 to 700 nm), relevant for
mice photoreception (see next subheading). For the purposes of
this work, we took a set of measurements of three basic optical
properties of a barn owl specimen from the scientific collection of
the Estacién Biol4gica de Dofiana—CSIC (“Material and Methods”).

The spectral reflectance of the barn owl tended to increase for

longer wavelengths (Figs. 2 and 3), as reported for the white plum-
age patches of other Strigiformes (e.g., Bubo bubo; ref. 48).
Mice photoreceptors, absolute thresholds, and contrast detection
thresholds. Like most mammals, mice are dichromatic. Their
cones express S- and M-opsins with peak sensitivities in the UV
(360 nm) and VIS (508 nm), respectively, while their rodopsin
peaks at 498 nm ((49, 50); SI Appendix, Fig. S6). Most cones
express both opsins, with a retinal dorso-ventral gradient of
increasing S-opsin and decreasing M-opsin; the relatively small
fraction of cones expressing only the S-opsin (“true” S-cones) are
concentrated in the ventral retina and are deemed instrumental
for color discrimination in the upper visual field (51, 52).
Rodent eye optics have characteristic features which determine
the mapping between the radiance of the outside world and their
retinal photoreceptor mosaic (53, 54). Rats have been shown to
maintain a large region of binocular overlap directly overhead,
robust against head movements (55), “almost certainly for the
detection of overhead predators” (56).

Two aspects of the rodent visual system are of special interest
for this work, namely the absolute detection thresholds (i.e. the
minimum illumination levels required to elicit quantifiable visual
responses), and the contrast detection thresholds, defined as
the minimum contrast between an object and the background
necessary for this object being successfully detected when photo-
receptors are active. The values of these thresholds may vary
depending on the type of photoreceptor and output metric.
Thresholds can be measured for retinographic, optokinetic, opto-
motor, and behavioral responses, being the latter the most directly
related to predator—prey dynamics.

pnas.org
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Fig. 2. Vertical axes: Reflectance factors of the barn owl specimen, from hyperspectral measurements made in the plumage areas indicated in the figure (A-D).
Horizontal axes: wavelength (nm). Legends indicate the light source azimuth/altitude, both angles measured from the sagittal axis normal to the frontal plane of
the specimen facial disk. Azimuths correspond to angles measured within the horizontal plane perpendicular to the barn owl image (transverse plane), altitudes
to angles measured within the vertical plane perpendicular to it (sagittal plane). The barn owl image is a false Red-Green-Blue image rendered from the spectral

reflectance image captured.

Absolute thresholds. The absolute luminance threshold for eliciting
behavioral responses in mice is relatively low. The absolute,
dark—adapted luminance threshold of mice is estimated to be
11.2 ped/m? (57). This threshold luminance is about 20 times
smaller than the nominal clear sky zenith luminance in an average
moonless starry night [200 pcd/m (58, 59)]. It is comparable
to or five times lower than the 40 to 50 pcd/m” expected from
a starlight-illuminated terrain with reflectance 0.2 to 0.25. The
visual function of mice is then expected to perform efficiently
under starlight in moonless nights and, consequently, under all
levels of moonlight.

The specific thresholds for each type of photoreceptor are of

interest to assess which of them is fully functional under moon-
light. Mice luminance thresholds for rod and cone vision
are roughly similar to humans (60). Analyzing the thresholds for
optomotor responses in mice with normal vision, mice without
functional cones, and mice without functional rods, (61) found
that, for the spectral composition of the light source used in their
experiment, rods are active for luminance from —6.0 to —2.0 log
cd m™, and cones from —4.0 to +2.0 logcd m™ both being active
in the mice mesopic range —4.0 to 2.0 log cd m™ % (for more details
on absolute thresholds of M cones, S cones, and rods, see
SI Appendix, Fig. S9).
CSF and maximum detection distance. Absolute thresholds
are useful to determine whether or not a given photoreceptor
channel is active under moonlight illumination. To determine the
distance range at which mice may detect an approaching predator,
additional visual metrics based on the mice CSF are required.

Visual acuity (VA) is a simple yet commonly used metric for a
first assessment of visual performance. VA is the smallest angular
size a well-contrasted object, |yy| = 1, may have while being suc-
cessfully detected/identified. It approximately corresponds to the

PNAS 2025 Vol.122 No.1 e2406808121

angular size associated to the maximum angular frequency f; for
which the CSF is equal to unity, C(fy) = 1. The rodent VA is very
low in comparison with that of humans, being strongly limited
by optical and neural factors (62). Estimates of behavioral rodent
VA are fairly coincident across studies. Refs. 63-65 found values
of f; close to 0.5 cycles per degree (cpd) for mice, while Long—
Evans rats performed slightly better (1.0 cpd). For background
luminance 60 cd m™, (66) found behavioral mice VA also equal
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Fig. 3. Reflectance factor of the upper region of the ventral side of the barn
owl specimen. Hyperspectral measurements were made under illumination
normal to the frontal plane (source azimuth/altitude = 0°/0°). Different curves
correspond to different observation angles within the sagittal plane, measured
from the sagittal axis every 5°, from 0° Top line) to 85° (Bottom line).
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to fy = 0.5 cpd. These behavioral VA are consistent with results
obtained in optokinetic, optomotor, and visual evoked potential
studies (most of them giving f in the range 0.4 to 0.6 cpd for
mice). In practical terms this means that an avian predator of size
~ 50 cm would appear visually unresolved by mice at a distance
larger than ~ 30 m, and its flying silhouette would be discerned
with resolution of 3 x 3 pixels or better only at a distance shorter
than ~ 10 m.

VA nominally applies to highly contrasted objects. However,
the absolute value of the Michelson contrast of barn owls against
the moonlit sky is < 1. Furthermore, this contrast steadily decreases
with distance due to two factors. On the one hand, the retinal
image is the two-dimensional convolution of the ideal geometrical
image and the eye’s point spread function (63, 67) and, in conse-
quence, unresolved retinal images have a nearly constant size, that
of the PSE, independently from the true angular size of the object
(68, 69). On the other hand, the corneal irradiance produced by
the object steadily decreases with distance, following an inverse
square law combined with atmospheric attenuation, also known
as Allard’s Law (70). Since the decreasing radiant flux entering the
eye is spread over a constant-size retinal area, the relative contri-
bution of the object against the (also blurred) background, and
hence its contrast, is progressively smaller. This makes it necessary
to analyze the quantitative CSFs, not just the VA, to estimate the
maximum detection distance (see SI Appendix, Fig. S10 for esti-
mates of the CSFs for M cones, S cones, and rods in mice).

The mice C (f ) estimated with the parameters provided above
is conservative in the sense that it likely overestimates night-time
mice behavioral sensitivity to predators in the upper visual field
and the maximum distance at which mice may detect them
(81 Appendix, Eq. S11). Two factors contribute to this overesti-
mation: On the one hand, the ref. 71 contrast thresholds for S
and M cones were determined for a background whose luminance
(1.52 cd m™ was significantly higher than the luminance of the
night sky (excepting in directions close to the Moon disc), so it
could be expected that the actual thresholds in moonlit nights
would be higher, and hence the CSFs lower. On the other hand,
VA is higher in rats than in mice, so adopting the value m = 2.88
cpd™ for cones and m,. = 3.27 cpd™" for rods based on ref. 72
measurements with hooded rats likely introduces some additional
degree of overestimation in mice CSE.

In the S-cone band, the barn owl is always darker than the
sky (Weber contrasts negative), regardless of the direction
(ST Appendix, Fig. S11). Note however that the amount of envi-
ronmental light is below the absolute radiance threshold of
S-cones for all Moon altitudes, computed for a Moon phase —15°
(close to full Moon), as well as for M-cones at the lowest altitude
(20°). This means that these photoreceptors would not be active,
and, in spite of the large contrast, a barn owl of size 15° would
not be detected in the S-cone band. On the other hand, for the
mid-altitude Moon (40° and 60°), there are wide regions of the
sky in which the contrast in the active M-cone and rod bands
lies within the invisibility range for objects of this size. Due to
the continuity of the sky brightness distribution, the barn owl
contrast becomes even 0 for a closed line of directions located
between the labeled contours.

More distant (smaller) targets require larger contrast for detec-
tion (Fig. 4). The analysis of Denman contrast thresholds account-
ing for the variable angular size of the barn owl as a function of the
distance to the prey indicates that the predator can approach the
prey up to very short distances, in the range of a few meters, from
a sizeable region of directions on the sky, especially in the M-cone
and rod bands when the Moon is at mid-altitudes (Fig. 4).

https://doi.org/10.1073/pnas.2406808121

An interesting issue is whether a darker ventral plumage will
enable the barn owl to approach mice at such short distances
without being detected. To address this question, we compared
the expected detection distance for the actual (white) barn owl
specimen compared to simulated “gray” darker morphs (Fig. 5).
We found that the detection distance increases dramatically for
gray simulated specimens, suggesting that they would be easier to
detect by prey, triggering an early-warning signal that facilitates
escape before the predator is too close.

Discussion

We have shown that the presence of the Moon on the night sky
provides the necessary conditions for BM of avian predators as
seen by their prey from the ground. For multiple Moon altitudes
and combinations of spectral reflectance of the soil and the under-
parts of the predator, the contrast of the predator remains below
the contrast detection threshold of prey and thus the predator
becomes undectable to prey from a number of sky directions. This
effect is enabled by the remarkably high Posch ratios (horizontal
irradiance vs radiance of the sky in given directions) achievable
when the Moon is above the horizon. Narrow-band BM can be
achieved when the Posch ratio in a given direction of the sky equals
7 times the inverse of the product of soil and predator reflectance.
Wide-band photoreceptor BM conditions also depend on the state
of the atmosphere, on the spectral reflectance of the ground soil
and the ventral side of the predators, and on the altitude of the
Moon above the horizon, but they do not depend crucially on
Moon phase, except for achieving the minimum level of environ-
mental light required for eliciting photoreceptor responses (see
below). The reason is that Moon phase mainly determines the
overall extra-atmospheric irradiance on which both the numerator
and the denominator of the Posch ratios are dependent. Its mar-
ginal effect on BM stems from the slightly different spectral com-
position of the moonlight reflected at different phases from the
different regions of the Moon surface.

Both Moon phase and altitude are key factors determining the
amount of environmental moonlight (73). Our calculations sug-
gest that while the mouse rods are well above the absolute irradi-
ance excitation threshold in all conditions, the M-cones are below
it at all Moon altitudes for a substantial part of the lunar cycle
(1/4 of total, from phase —45° to +45°), and the S-cones are below
it for most altitudes and phases. Our results suggest that S-cones,
for which even a white predator looks much darker than the sur-
rounding sky, may afford rodents an efficient early warning path-
way during twilight hours and daytime, when the ambient light
is intense enough to keep them well within the mesopic or pho-
topic range.

From our estimates of maximum detection distance, it seems
that a white predator foraging in full-moon conditions may
approach prey from a wide range of sky directions up within a few
meters without being detected by the M-cones (slightly above
absolute threshold) or rods (fully functional under moonlight).
However, this critical benefit would not apply to darker predators,
which may be detected at substantially larger distances. Differential
detection distances depending on plumage color likely explain the
fact that reddest barn-owls are less successful at hunting and pro-
viding food to their offspring during moonlit nights (24). Barn
owls hunt rodents on the ground using two techniques, both
implying flying above their prey: a) by diving down from a high
perch —typically a tree branch, fence post, power pole, or a con-
struction ledge—, and b) by a searching flight at 3 to 6 m above
the ground with occasional hovering and a vertical drop down
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over the prey with the head first and a final strike with the talons
(https://www.youtube.com/watch?v=FkP4Ro2gRI88t=528&ab_
channel=BBCEarthUnplugged). In light of our results, a perpen-
dicular angle of approach should confer adaptive significance on
pale underparts —but not darker underparts— through conceal-
ment against the background sky. Differential effects of moonlight
on nocturnal camouflage of different color morphs could result
in performance trade-offs across moon altitudes above the hori-
zon, with a marginal influence of the Moon phase. If this is true,
we can expect phenotype—time correlations and signatures of
selection on color morphs, as reported for barn owls (24). Noct-
urnal species could use time —as opposed to space— as a resource
and adjust the timing of peak feeding activity and reproduction
to match the moonlight conditions that maximize(s) their overall
performance given their coloration, extending the process of
matching habitat choice (sensu ref. 74) to a so far overlooked
temporal dimension.

Given the isomorphic structure of the moonlit nightscapes and
their corresponding daytime sunlit landscapes, our results can be
applied to the study of camouflage by BM of diurnal species.
Furthermore, our formal model includes the effects of fluorescent
emission, observed in many taxa. Although not relevant for our

PNAS 2025 Vol.122 No.1 e2406808121

particular example of application and not discussed here, biolu-
minescence could also be incorporated to the general model devel-
oped in this paper.

This study has, none-the-less, several limitations. On the one
hand, we have assumed for simplicity that ground reflections are
Lambertian. We have also used an angularly averaged spectral
reflectance for the predator’s ventral surface, treating it as an equiv-
alent Lambertian term. The actual bidirectional reflectance distri-
bution functions of many natural surfaces, including diverse types
of terrains and avian underparts, may show deviations from a
perfect Lambertian behavior. However, the consequences of devi-
ations from a perfectly Lambertian ground reflectance are atten-
uated when calculating the irradiance on the avian ventral surface
and the corresponding radiance reflected from it (computational
details omitted for brevity). For plumages that are not perfect
Lambertian reflectors, the predator’s contrast against the night sky
could increase or decrease depending on each specific angle as the
predator turns in flight, but this should not reduce the significance
of BM as a form of nocturnal camouflage, since perfect conceal-
ment in all circumstances is not required for this mechanism to
make a significant contribution to the overall foraging success and
fitness of nocturnal predators. The measurements of the spectral
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Fig. 5. Maximum detection distances (m) of the original white barn owl Top row) and of two simulated gray versions, one with 50% (Middle row) and other with
25% (Bottom row) of the original barn owl reflectance. Columns, Left to Right: distances for the S-cones, M-cones, and rods, respectively. All plots correspond to
a Moon altitude 60° and phase angle -15°, with the same atmospheric parameters as in S/ Appendix, Fig. S11. The Middle and Bottom rows show that barn owls
with simulated gray plumages could be detected against the sky background from much larger distances than white ones. S-cone is always below its absolute
irradiance threshold. Zenith is denoted with a + sign, Moon altitude as a circle. Color scales are specific for each subplot.

reflectance of barn owls are not available below 300 nm, missing
a small part of the S-cone detection bandpass, something we
addressed with a cautious extrapolation toward shorter wave-
lengths. The measurements of the fluorescent response of our barn
owl specimen ventral plumage are limited in spectral extent. An
intriguing issue is whether the more intense fluorescent emission
expected from living barn owls could provide enough radiance in
the mouse S-cone band to significantly decrease the contrast and,
in consequence, the expected detection distance, something that
deserves further studies.

The atmospheric scattering model used in this study encom-
passes only first-order scattering of moonlight photons, neglecting
second- and higher-order scattering events. This may lead to some
underestimation of the sky radiance at low altitudes above the
horizon. Also, we did not address here the effects related to the
polarization state of the direct, scattered, and reflected light.

We have quantified the radiance contrast within each photore-
ceptor of the potential prey. In this work, we do not report chro-
matic contrast or the coordinates of each luminous stimulus in
the dichromatic mice color space. Note that zero Weber contrast
in all photoreceptors would grant equal color coordinates, but
equal color could in principle be also achieved even if that condi-
tion is not fulfilled. How circadian regulation modulates threat

https://doi.org/10.1073/pnas.2406808121

avoidance performance of prey throughout the night remains an
open question. Interestingly, mice behavioral responses show
higher sensitivity to light at night, compared with daytime (75)

We have assumed clear, cloudless skies. The presence of clouds
in pristine natural environments free from artificial light pollution
would just modify the radiance distribution across the sky, with
variable effects regarding the average radiance and its angular ani-
sotropy. Such variability can be accounted for in the ¥ function,
either in a deterministic or a stochastic sense, and as such they do
not affect the basic isomorphism between day and night land-
scapes. They may of course modify the feasibility of achieving BM
under moon or sunlight, but as long as the light source is fully or
partially visible through the clouds, the essential conclusions of
this work remain applicable. Still, a detailed analysis of these effects
remains to be done.

The BM effect under clear moonlit (or sunlit) skies described
by this model is overall robust to modifications of various model
parameters, even though the details of the outputs (e.g. the detec-
tion distance all-sky maps) do change in response to smooth
changes in the inputs. BM effects are robust against changes in
the state of the atmosphere (acrosol optical depth and asymmetry
parameter; see S/ Appendix, Figs. S3A, S5 and S13), illuminant
geometry and brightness (Moon altitude, Fig. 4, and phase; see
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SI Appendix, Fig S3B), predator reflectance (Fig. 5), and soil reflec-
tance (SI Appendix, Figs. S12 and S13). Of course, this does not
mean that the BM mechanism is effective in all circumstances: In
some cases, the predicted detection distance may be large enough
for the prey to escape to safety before being captured. Optimal
functioning of this BM mechanism is also not expected before the
Moon rises or in completely overcast skies. Hence, situations
where BM is possible are by no means exceptional, but rather
common whenever the Moon is above the horizon.

Future field validation of the model in this and other nocturnal
predator—prey systems (e.g. nightjar-moth) is required. For this,
observations of the flight paths of attacking predators may be col-
lected (e.g. using biologging devices or animal-borne cameras) and
analyzed to test for the expected increase in hunting efficiency when
predators approach prey from low contrast directions. Finally, light
pollution is an increasingly relevant and global contributor to envi-
ronmental light (76, 77) and its ecological effects cannot be ignored
(78-80). Partially cloudy or overcast skies can amplify the effects of
artificial light (81-83). In particular, light pollution is very efficient
at erasing the moonlight signature across the sky (84), with docu-
mented effects on the sky Posch ratios in terrestrial and marine
environments (27, 29). The effects on BM of the artificial diffuse
skyglow, as well as those produced by nearby direct light sources in
artificially lit environments, is the subject of ongoing work.

Material and Methods

A set of measurements of three basic optical properties were taken from a
male specimen of barn owl that conformed to the typical white morph of the
species, as opposed to the dark reddish morph and the patterned plumage
of all other owl species (specimen EBD 33015A from the Scientific Collection
of the Estacién Bioldgica de Dofiana-CSIC (ICTS-Donana); see ref. 24 for
pictures of contrasting color morphs of the barn owl): i) the spectral BRDF
of the owl for different geometries of illumination and observation, ii) the
general shape of the spectral reflectance in the UV-A wavelengths within the
S-cone band of mice, and iii) the BLDF describing the fluorescent re-emission
of barn owl feathers.

The hyperspectral BRDF measurements were carried out at the Color
Imaging Lab in the Optics Department, Science Faculty at the University of
Granada, Spain. The capture device used for the BRDF measurement in the
VIS/NIR range (from 397 to 1004 nm) was a SPECIM-1Q hyperspectral camera
[www.specim.com] based on a CMOS sensor with 512 x 512 pixels spatial
resolution, with 204 different spectral channels. For each image, we recorded

PNAS 2025 Vol.122 No.1 e2406808121

a raw capture of the scene and a raw capture of a reference white sample
(20 x 20-cm barium sulfate tile by Sphere Optics) as well as a dark image.
All three images were acquired using the same capturing parameters such
as exposure time, SO gain, focusing, and framing. With this information, the
spectral reflectance image was then calculated by correcting each pixel of the
raw image by applying a flat field correction:

S(Axy)=D(4xy)

R j’l 1 =
(dxy) W(Axy)=D(Axy)

Riet(A). (71

Where R(4,x,y) is the corrected spectral reflectance image, S(4,x,y) is the
raw image of the sample, D( 4, x, y ) is the raw darkimage, W ( 4, x, y ) is the raw
image of the reference white tile, R (4) is the known spectral reflectance of the
reference white tile (assumed spatially homogeneous all across it), 4 stands for
wavelength and (x, y ) are the spatial coordinates of each pixel.

The spectral reflectance in the near UV 300 to 380 nm, spectral BRDF 680 to
780 nm, and BLDF for 300 to 500 nm excitation and 380 to 780 nm re-emission
wavelengths, were measured at the laboratory of GIMRO-CSIC in Madrid. The
measuring system is a gonispectrophotometer with Sl-traceability, especially
developed for measuring BRDF. The relative expanded uncertainty for the kind
of samples evaluated in the article is around 1%. Detailed information on this
system is given in refs. 85 and 86.

For the calculations of the predator contrast against the moonlit sky we used a
solid-angle weighted average of the spectral BRDFs in Fig. 3, assuming rotational
symmetry around the sagittal axis (S/ Appendix, Fig. S6 “Ventral"). The angularly
averaged BRDFs were linearly extrapolated below 380 nm to cover the 300 to
380 nmrange (Fig. 1 "Ventral extrap”). The corresponding Lambertian reflectance
factor of the owl ventral side, p7, is then obtained as the angularly averaged
BRDF multiplied by z.

The fluorescent properties of the plumage were measured under successive
monochromatic illumination with eleven excitation wavelengths, every 20 nm
from 300 nm to 500 nm, recording the emission spectrum across the 380 to 780
nm range. From the measured emission spectra, the corresponding BLDFs were
calculated. They are displayed as a Donaldson matrix in log10 scale in Fig. 6A.
The BLDFs were subsequently interpolated with a 1 nm step both over excitation
and emission wavelengths.

Data, Materials, and Software Availability. Code data have been deposited
in Zenodo (https://doi.org/10.5281/zenodo.12701820) (87). All other data are
included in the manuscript and/or S/ Appendix.
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