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Introduction 
 
At present, reverse cycle lighting in most Nocturnal Houses tends to consist of very low levels of 
coloured light to illuminate the enclosures during the day (the animals’ nocturnal period) and moderate 
levels of “white” light from fluorescent tubes to simulate daylight when it is actually night outside. 
The low-level “nocturnal” lighting needs to be sufficient to enable human visitors to see the animals in 
their enclosures, but ideally should have minimal effect upon the animals’ physiology or natural 
behaviours. In recent years, red or blue LED lamps have become increasingly popular owing to their 
bright colours and very low running costs, and “white” LEDs are also being considered by some zoos. 
The popular notion that “moonlight is blue” has led to widespread use of blue LEDs. In the past, red 
lighting was more often used, because it is widely believed that animals cannot see it. What is the truth 
behind these ideas? Is one colour really better than another? Would dim light from “white” LEDs be 
better or worse than either of these? 
 
Both the spectral quality of a light (the wavelengths it contains) and its intensity have profound effects 
upon animals, both during the day and at night. 
Three major factors must be considered when providing the “nocturnal” part of reverse cycle lighting: 
A. The effect of the light upon the animal’s vision – and that of the human observers 
B.  Non-visual perception of the light by the animal and its effect on circadian rhythms 
C.  The so-called “blue light hazard” – the damaging effects of shorter wavelengths on the retina. 
 
The following points must also be considered when planning the “daytime lighting” (outside the scope 
of the current discussion): 
D. The spectrum and intensity of the “daylight” 
E.  Cutaneous synthesis of vitamin D3 by a UVB component in the light 
F.  Light required for photosynthesis, if plants are to be grown in the enclosure. 
 
A. The effect of the light upon the vision of the animals and their observers 
 
To understand the effects of coloured light upon the vision of animals in a Nocturnal House, we need 
to consider what light the animals can actually see. Figure 1 (below) is a mid-day solar spectrum with 
the sun close to the zenith on the June solstice, recorded by the author using an Ocean Optics 
USB2000+ spectrometer in Gran Canaria. This shows the wavelengths found in very strong natural 
sunlight, from UVB at about 295nm to infrared, above 750nm, and their relationship to animal vision. 
The human visible range is from violet at around 400nm to deep red at about 700 - 750nm. Human 
colour vision is very poor, however, when compared to many other species. We cannot see ultraviolet 
light, which is visible to many animals and birds. Humans also lose colour perception altogether when 
light levels fall below that of bright moonlight, around 1 lux. 
 
Nocturnal Houses may accommodate a wide range of crepuscular and nocturnal species, including 
mammals, birds, reptiles and amphibians. Most of these have eyes which are very well adapted for 
vision in dim light, and perhaps surprisingly, most also have good colour vision including UV. Some 
nocturnal geckos, for example, employ colour vision at light levels equivalent to very dim moonlight, 
in which humans are totally colour-blind (Roth and Kelber 2004). If artificial light in the Nocturnal 
House is bright enough for humans to see it as red or blue, then it will almost certainly also appear to 
have a very un-natural, bright colour to any crepuscular or nocturnal animals possessing colour vision 
which includes these wavelengths, and will render them unable to see any other colours at all . But 
although the light from “white” LEDs appears white to the human eye, their spectra are usually very 
unlike that of sunlight; their light may not look white to other species which have eyes with different 
spectral sensitivity responses.  



 
Moonlight 
The idea of recreating a moonlit scene in the Nocturnal House seems very attractive. Moonlight is 
simply sunlight reflected off grey rock; it is therefore very dim white light with a spectrum similar to 
that of the sun.  Figure 2 shows the spectrum of moonlight (as measured by Johnsen et al 2006) in 
comparison with the solar spectrum. Note the vast difference in irradiance (6 orders of magnitude). 
 
 

 

Fig. 1: The solar spectrum and the range of vision of mammals, birds and reptiles 

Fig. 2 



It is obvious from this spectrum that moonlight is not 
blue. In fact there is proportionately less blue in 
moonlight than in sunlight. However, humans 
consistently interpret moonlight as ‘blue’. Could this be 
due to very low levels of skylight at the threshold of 
human colour vision, making the sky appear a very 
deep blue? Figure 3 (right) is an un-retouched 
photograph of a moonlit sky at 2.16am above a village 
street in Wales, UK taken by the author 3 days after full 
moon on 28th April 2013. The orange glow on the 
houses is due to street lighting; the sky appears 
distinctly dark blue, as it did to the observers when the 
picture was taken. 
Time exposure photography in moonlight results in normal- looking pictures with green grass, blue 
sky, white clouds– but with stars in the sky. Figures 4 and 5 (below) are un-retouched photographs 
taken by the author at 00:40h on 5th September 2009 in Wales, UK with a full moon. The bright 
orange glow on the house to the right, and also on the distant hillside, is from street lighting. All other 
illumination is by full spectrum moonlight. An animal possessing colour night vision can therefore see 
all the colours which humans see during normal daylight. 
 
Fig. 4 Fig. 5 

 
Coloured Lighting in the Nocturnal House 
The situation in a Nocturnal House lit by either blue or red LEDs is very different. Figures 6 – 9 (un-
retouched photographs) show the effect of these lamps on the colour rendering within a typical 
Nocturnal House (Bristol Zoological Gardens). The comparatively short exposure times (between 0.2 
and 1.0 second) suggest that the illumination within the Nocturnal House is considerably brighter than 
true moonlight. But more importantly, the images clearly demonstrate that when the light source is 
only of one colour, vision becomes monochromatic – no other colours can be distinguished at all.  
In a few places, a range of colours can be seen, primarily where interpretation panels are illuminated 
by lamps emitting white light. Such lamps have also been placed in a small number of the animals’ 
enclosures.  However, colour discrimination is impossible anywhere outside of the influence of these 
small pools of light. The gecko in figure 8, for example, cannot see any colour in its enclosure except 
blue.  The frogs in the tank in figure 9 cannot see any colour except red. If these animals possess 
colour vision, they will be prevented from using it, in this way. Single colour LEDs would seem 
inappropriate for use with any nocturnal species which has the ability to discriminate between colours 
in dim light. It is likely that many species do have this ability, but proof only exists for very few.  

0.5 sec. exposure facing south 20 sec. exposure facing north 

Fig. 3 



  
Fig.6.    0.2 sec. exposure Fig.7.    1 sec. exposure 

  
Fig.8.    0.8 sec. exposure Fig.9.   0.5 sec. exposure 
 
The effect of moonlight upon the activity of nocturnal animals  
Obviously, in order for human visitors to actually see the animals in the Nocturnal House, some low-
level lighting is necessary. However, even if it were possible to recreate full-spectrum moonlight, (i.e., 
white light at only 0.75 - 1 lux, to simulate a full moon) would it be desirable to have even this level of 
illumination every night?  
White light would be far more natural than either red or blue; but a full moon is not a constant feature 
of the night sky. The lunar cycle creates a very regular monthly rise and fall in nocturnal illumination, 
from the almost total darkness of starlight at new moon, to the night- long low-level irradiance of the 
full moon just two weeks later. Many nocturnal animals alter their activity levels and behaviour in 
response to this pattern of ever-changing illumination.  
In most cases the changes in behaviour can be related to either a change in predation risk, or in prey 
availability, or both where a species is both hunter and hunted. Visually-orienting predators can detect 
their prey more easily in bright moonlight; this will then cause their prey to reduce their activity and 
avoid moonlit areas. In a study by Clarke (1983) short-eared owls (Asio flammeus) located and 
captured deermice (Peromyscus maniculatus) much more successfully in artificial "full moonlight" (3 
lux) than in "new moon" conditions (0.5 lux). However, the deermice foraged freely in the low-level 
light but in the brighter "moonlight" they restricted their activity to the immediate vicinity of rocks, 



grasses, and walls and seemed much more alert to danger, frequently freezing in response to any 
sound.  
Many other small mammals are known to avoid moonlight, probably to minimise the risk of predation. 
For example, Kramer and Birney (2001) studied the effects of simulated moonlight on captive leaf-
eared mice, Phyllotis xanthopygus. These nocturnal mice live in rocky outcrops but forage in open 
areas. Their main predators are raptors and canids, which would be likely to have increased hunting 
success under higher levels of moonlight. The mice kept in total darkness at night (0 lux) were 
significantly more active than those in middle (1.5 lux) and high (3.0 lux) night light treatments. 
However, the 3.0 lux (“full moonlight”) group showed an increase in bouts of diurnal activity, 
possibly to compensate for reduced nocturnal foraging time. 
A similar reduction in activity in response to moonlight is seen in the old-field mouse, Peromyscas  
polionotus (Wolfe and Tan Summerlin 1989). Surface activity was inhibited by about 70% in full 
moon, 56% in three-quarter moon, 32% in half moon and 23% in quarter moon. This is a very 
sensitive response, given that the amount of illumination provided by a quarter moon is only about 0.2 
lux (Falkenberg and Clarke 1998). 
Lockard and Owings (1974) likewise demonstrated that in two species of kangaroo rats, activity was 
about three times greater when the moon was down than when it was up, and that moonlight caused 
the kangaroo rats to remain under the cover of vegetation, and avoid open areas. 
 
Lunar phobia is also demonstrated by the neotropical Jamaican fruit bat, Artibevs jamaicensis 
(Morrison 1978). On nights 1 week before and after the new moon, the bats forage from dark to dawn. 
In contrast, on nights 1 week before and after the full moon the bats return to their day roosts for the 
entire time (up to 7 hours) when the moon is in the sky.  
Some mammals may reduce their activity in moonlight for other reasons than predator avoidance, such 
as prey availability. The insectivorous bat, Lophostoma silvicolum is significantly more active in dark 
periods around the new moon, probably because its prey, katydids, are more active on darker nights 
(Lang et al 2006). 
 
Some larger mammals also alter their behaviour in bright moonlight. For example, the ocelot 
(Leopardus pardalis) does not reduce its activity levels under a full moon, but it does avoid walking 
open forest trails, staying in darker areas possibly to avoid being seen by its prey (Di Bitetti et al 
2006). 
 
Conversely, many cathemeral or primarily nocturnal primates increase their activity at the time of the 
full moon. 
Schwitzer et al (2007) found that the blue-eyed black lemur Eulemur macaco flavifrons is likewise 
significantly more active on moonlit nights than at the time of the new moon. They observed that the 
amount of nocturnal activity increased with the percentage of illuminated lunar disc. The total daily 
activity did not alter, however; the amount of diurnal activity they observed was reduced in proportion 
to the increase in activity seen on the preceding night. 
Very similar behaviour has been recorded in the Owl Monkey, Aotus azarai (Fernandez-Duque 2003). 
When more than 90% of the moon was illuminated (i.e., full moon), groups of monkeys spent as much 
as 7 h of the night active, but when the moon was not full, nocturnal activity ranged between 1.4 and 
4.1 h. Like the lemurs, the owl monkeys were less active in the day following a full-moon night than 
after nights with reduced illumination. 
Spectral tarsiers (Tarsius spectrum) also became more active during full moons compared to other 
moon phases (Gursky 2003). During full moons, spectral tarsiers significantly increase their travel and 
foraging activity and, possibly to reduce risk of predation, travel in groups at these times. This appears 
to be a successful strategy since their insect prey - Orthopterans and Lepidopterans - increase their 
activity on brightly lit nights. Gursky recorded a greater than 2.5x increase in insect captures by the 
tarsiers she was monitoring, during full moon nights compared to those with no moonlight.  
Improved visual acuity in bright moonlight may assist hunting. Tarsiers have enormous eyes with a 
heavily rod-dominated retina but also possess two cone types, most responsive to the UV /blue 
wavelengths predominating in twilight, and yellow/green wavelengths that dominate in very dim light 



inside forests at night (Veilleux and Cummings, 2012), so they may even have some form of colour 
vision in moonlight. Rods may also play some role in nocturnal colour discrimination (Jacobs 2008). 
 
Reptiles and amphibians also modify their behaviour in response to moonlight. Some nocturnal snakes 
appear to suppress their activity on brightly moonlit nights. An interesting study using simulated 
moonlight (Clarke et al 1996) showed that nocturnal activity in adult Prairie Rattlesnakes (Crotalus 
viridis viridis) was significantly reduced, and they increasingly avoided open areas, when the 
"moonlight" reached 1 - 2 lux. This strategy might be in order to minimise detection by predators such 
as nocturnal birds, or might be a response to the similarly reduced activity of their rodent prey. 
Wild Arafura filesnakes (Acrochordus arafurae) in the "wet-dry" Australian tropics likewise showed a 
strong lunar cycle of activity, with less movement on moonlit nights; they were also more often caught 
under heavy vegetation than in open water, suggesting the avoidance of predators (Houston and Shine 
1994). Campbell et al (2008) demonstrated a similar lunar phobia in Brown Tree Snakes (Boiga 
irregularis) in a laboratory setting. When kept in almost total darkness, they moved freely out of a 
simulated “tree canopy” and tried to reach a prey animal (a mouse or lizard) presented in a box in an 
open space. At lighting levels equivalent to full moonlight they did not leave the canopy, only 
extended their heads from the vegetation and appeared to focus their gaze at the prey.  
 
Free-living nocturnal geckos of several species behave very differently. They have become 
accustomed to foraging for insects attracted to night lighting around human habitation and appear to 
obtain only benefits from the illumination, because of the greater quantity of food and the increased 
likelihood of finding prey. Artificial lights can also provide warmth, which may prolong the time for 
which a lizard can remain active after nightfall. Species which are not normally active after dark, 
especially Anolis lizards, have also been observed foraging near artificial lighting at night (Perry et al 
2008). Benefit from the provision of longer foraging hours and a reliable food supply may outweigh 
any costs resulting from changes in their circadian rhythms. 
 
Species of amphibians vary in their responses to moonlight. Some, such as Hyla intermedia and Rana 
dalmatina avoid direct moonlight. The females migrate to spawning ponds in the darkness at the time 
of the new moon, and spawn between the new and first quarter moon. A mating pair is more 
vulnerable to attack from visually oriented predators than a single individual, hence avoiding bright 
moonlight is presumably a predator avoidance strategy (Vignoli and Luiselli 2013).  
In contrast, greater proportions of South African giant bullfrogs (Pyxicephalus adspersus) radio-
tracked by Yetman and Ferguson (2011) were active at night (moving overland and/or foraging) and 
spawning events were prolonged around full moon. The authors concluded that it was possibly easier 
to catch prey, and/or detect predators approaching, in strong moonlight. 
In a detailed study, Grant et al (2013) reviewed 79 examples where moon phase in relation to 
amphibian behavior and ecology had been studied, across diverse amphibian taxa. The primary 
reasons for differences in behaviour appeared to be temporal synchronization of breeding and predator 
avoidance. They identified 20 examples of amphibians showing a positive response to the full moon, 
by increasing activity or calling, 30 showing a negative response, 17 where amphibians were 
unaffected by moon phase, and 12 examples that were ambiguous or studied only the effect of 
moonlight on very specific behaviours.  
 
Red, white or blue? 
From these studies, it is evident that even the small amount of broad spectrum white light produced by 
the full moon is sufficient to alter the behaviour of many nocturnal animals. Therefore, ideally, to 
enable the animals to behave as they would in the wild, a simulation of the lunar cycle would be 
necessary in the Nocturnal House, with illumination during the “night” phase varying over 28 days, 
from that of starlight to that of the full moon. Of course this would be unacceptable, since except for 
the time of “full moon”, the light levels would be too low for human visitors, coming in from full 
daylight, to see much in the enclosures at all.  



However, what if only certain wavelengths of the white light were causing the change in behaviour? 
Or what if the old tales were true: that some animals cannot see red? If this were so, it might be 
possible to use red light instead of white; or even to use both in sequence, to simulate the lunar cycle 
while still providing sufficient light for humans to see the animals in their enclosures. 
One blue, two red and two “white” LEDs under consideration for use in zoo enclosures with reverse 
cycle lighting were submitted for analysis.  
 
Red and blue LEDs 
Three LEDs on trial in an enclosure for the crepuscular lizard Corucia zebrata, on a reverse cycle 
lighting schedule, at West Midlands Safari Park, UK, were submitted for analysis by Head Keeper Jay 
Wood. These were all GU10-fitting, 230V bulbs as 
follows: 
 

 Impact Brand 3watt Blue 10C/40*BL 40° Wide 
Flood (ref: BL3) 

 Impact Brand 3watt Red 10C/40*RD  40° Wide 
Flood (ref: BL4) 

 Deltech UK Brand 4watt Red 3HP5R  20° Spot 
Beam (ref: BL5) 

 
The two red bulbs are shown in Fig. 6. (The Impact 
Brand blue bulb, not shown, appears identical to the red 
one until lit.) 
Spectrograms were obtained for each bulb at a distance of 30cm, using an Ocean Optics Inc. USB2000 
spectral radiometer with a UV-B compatible fibre-optic sensor with cosine adaptor. The three spectra 
are shown in Figure 7 (below) overlaid with the lunar spectrum to aid interpretation. These are typical 
spectra for single-colour LEDs, which emit light from a very narrow band of wavelengths.  

 
 
The peak irradiance of the blue Impact LED is at 454nm (absolute irradiance at 454nm - at 30cm - 
being 45.4µW/cm²) and that of the Deltech UK red LED is at 631nm (absolute irradiance at 631nm 
being 52.5µW/cm²). The red Impact LED has a lower irradiance at 30cm, with a peak of only 

Fig. 6 

Fig. 7 



18.5µW/cm² at 634nm; but this is still 5 orders of magnitude greater than moonlight with a peak 
irradiance of just 0.00024µW/cm² at 635nm.  
It is easy to appreciate that neither the blue nor the red LEDs have spectra remotely resembling 
moonlight.  
 
The marked difference in irradiance between the two red LEDs which can be seen from their spectra is 
equally obvious when the lamps are in use (figs 8 – 10, below).  
 
 

 
The wide flood Impact brand bulbs each contain one LED behind a semi-opaque plastic diffuser lens 
which spreads the light across a wide area. The Deltech spot beam bulb is not merely brighter because 
of its higher wattage; it contains three LEDs each with its own moulded lens within the plastic front 
shield; these lenses focus the light from each LED into a narrow beam, hence increasing the irradiance 
measured directly beneath the lamp. Figure 10 shows this effect clearly. In a Nocturnal House, where 
the aim is to simulate the very soft but evenly spread illumination of a moonlit night, a spot beam like 
this, with its bright central circle of light, would seem inappropriate. It must be pointed out, however, 
that all LEDs emit very unidirectional light, which is very dazzling if it shines straight into the eye. All 
three of these lamps elicit an aversive response if looked at directly. They would need to be positioned 
overhead, and possibly also recessed, to keep them from the line of sight of animals or visitors. 
 
The total irradiance of each lamp at 30cm distance, calculated from the spectral data, from 280 – 
750nm, directly beneath each lamp was: 

 Impact Brand Blue (ref: BL3)  13.29 W/m² 
 Impact Brand Red  (ref: BL4)    3.39 W/m² 
 Deltech UK Brand Red (ref: BL5)     10.05 W/m² 

The more familiar unit used to quantify lighting levels is the lux. This is a weighted measurement 
designed to estimate the brightness of illumination as perceived by a human eye, so its value in this 
context is limited. Nevertheless, the illuminance of the three lamps at 30cm distance (calculated from 
the spectral data) was: 

 Impact Brand Blue (ref: BL3)     545 lux 
 Impact Brand Red  (ref: BL4)     659 lux 
 Deltech UK Brand Red (ref: BL5)     1,974 lux 

The figures illustrate the greater sensitivity of the human eye to longer wavelength light; the maximum 
sensitivity being at 555nm owing to the presence of both green- and red-sensitive cones (see later). 
This is why the blue LED, which produces the highest irradiance, nevertheless gives the lowest lux 
reading. 

   

Fig. 9: Impact Brand Red 40° flood Fig. 10: Deltech UK Brand Red 20° spot Fig. 8: Impact Brand Blue 40° flood 



“White” LEDs 
Two “white” LED lighting units under consideration for use 
in the Nocturnal House at Bristol Zoological Gardens were 
submitted for analysis by Tim Skelton, Curator of Reptiles & 
Amphibians. The two lamps were supplied by Global Design 
Solutions (www.gds.uk.com), and were samples from their 
“BlueDome” range of lamps designed to provide low level, 
dimmable lighting, such as found along aisles in theatres and 
cinemas. These were 3 watt LED units, each having a plastic 
dome-shaped cover, designed to operate on 11V to 36V DC. 
They were mounted in battery operated 18V demonstration 
units with dimmer switches, (Fig. 11) and were as follows: 

 GDS BlueDome 3watt frosted clear white (ref: BL6) 
 GDS BlueDome 3watt opaque white (ref: BL7) 

The plastic domes act as effective diffusers of the light from these LEDs. The tests were carried out 
with the lamps undimmed; however, the voltage obtained from the demonstration units is only one-
half of the maximum which can be used with these LEDs, so in effect, the tests were carried out on 
partially dimmed lamps. As a result, the irradiance from these units was far less than from the GU10 
coloured LEDs. Spectrograms were obtained for each bulb at a distance of only 10cm, as at 30cm 
there was insufficient irradiance for optimal spectrometer functioning. The two spectra are shown 
below, overlaid with the lunar spectrum to aid interpretation. These are typical spectra for “white” 
LEDs. The actual LED in a “white” unit emits only blue light; this is absorbed by a phosphor 
incorporated into the unit, which fluoresces across a broad spectrum in the longer visible wavelengths. 
To the human eye, this blend appears white. 
 
Fig. 12: GDS BlueDome 3watt frosted clear white (ref: BL6) 

 
In the “frosted clear” dome, the peak irradiance of the blue LED is at 457nm (absolute irradiance at 
457nm - at 10cm - being 2.12µW/cm²) and that of the phosphor is at 618nm (absolute irradiance at 
618nm –at 10cm – being 2.38 µW/cm²). The spectrum contains no UV and almost no purple or deep 
blue (below 440nm), and compared to moonlight, is also deficient in cyan and green (in the range 
470nm – 560nm) and in the longer red wavelengths (above about 660nm).   

Fig. 11 

     BL6                                 BL7 
Frosted clear                    Opaque 
 



The illuminance of this lamp, undimmed, at 10cm (calculated from the spectral data) was 1,180 lux. 
To the human eye, this spectrum also produces good colour rendering, with a calculated CRI Ra of 
92.8 and a low colour temperature (3308K) giving a ‘warm’ tone to the light. 
 
Fig. 13: GDS BlueDome 3watt opaque white (ref: BL7) 

 
 
The “opaque” dome absorbs and diffuses the light even more effectively than the “frosted clear” 
dome, and also appears to absorb a greater proportion of light from the shorter wavelengths. The total 
irradiance at 10cm distance is less than half that of the “frosted clear” lamp.  
The peak irradiance of the blue LED is at 442nm (absolute irradiance at 442nm - at 10cm - being 
0.51µW/cm²) and that of the phosphor is at 612nm (absolute irradiance at 612nm –at 10cm – being 
0.91 µW/cm²). The spectrum contains no UV and almost no purple (below 420nm), and compared to 
moonlight, is also deficient in blue, cyan and green (in the range 450nm – 550nm) and in the longer 
red wavelengths (above about 660nm).   
The illuminance of this lamp, undimmed, at 10cm (calculated from the spectral data) was only 487 
lux. Because of the reduction in light from the blue end of the spectrum, colour rendering to the human 
eye is only moderate, with a calculated CRI Ra of 76.8 and, as might be expected, a very low colour 
temperature (2880K) owing to the predominance of yellow and orange wavelengths. 
 
When these lamps are in use, the difference in 
appearance between the two domes is very 
striking (Figs. 14a and b). The “frosted clear” 
dome permits a sufficient view of the LED 
itself to elicit an aversive response if the lamp 
is looked at directly, just as with the red and 
blue LEDs. However, the “opaque” dome 
diffuses the light to such an extent that it is 
possible to look directly at the lamp without 
discomfort. 
Lux meter readings were taken from both 
undimmed lamps. The results are shown in 
Table 1 and Figure 15 (below).    

Frosted clear                                 Opaque 
   (ref BL6)                                     (ref BL7) 

     Fig. 14a                                   Fig. 14b 



Distance (cm) Table 1: 
Illuminance (lux) 5 10 15 20 25 30 35 40 45 50 55 60 

Frosted clear 
(BL6) 3,830 1,369 708 417 275 188 144 111 85 67 54 45 

Opaque  (BL7) 1,550 535 279 168 115 81 62 50 41 32 28 23 

 
When the lamps are 
undimmed, objects as 
distant as 60cm from 
the lamp with the 
opaque dome still 
receive more than 20 
times the illumination 
than they would under 
the natural light of a full 
moon. However, the 
lamps could easily be 
dimmed to less than 1 
lux using the dimming 
controls.  
Where very low level, 
diffuse illumination 
resembling moonlight is 
required, the opaque 
dome would appear to 
be a better option than 
the frosted clear dome, 

since it has the best diffused, least directional output. However, to assess the relative merits of each 
lamp, the spectrum of each type needs to be compared with the spectral response – both visual and 
non-visual – of a range of animals, as well as man. 
 
Vision: The conscious perception of light 
Although in many ways, the eyes of all vertebrates are similar in structure and function, the perception 
of light, and coloured light in particular, varies widely between species owing to widely differing 
populations of photosensitive cells - rods and cones - in their retinae and also to differences in 
wavelength sensitivity in individual cone types. 
 
1) Rod-cell mediated vision 
Most vertebrate eyes have both rod and cone cells in their retina. Rod cells are extremely sensitive to 
light and used by most vertebrates for effective night vision. Just one photon will elicit a response 
from a rod cell (Rieke and Baylor, 1998). The cone cells of most species, which enable colour vision, 
require much higher light levels for stimulation. 
Rod cells contain the photosensitive pigment rhodopsin. All vertebrate rhodopsins have a very similar 
spectral response, with maximum sensitivity between 490 and 520nm, in the blue-green range (e.g. 
Hatori and Panda 2010; Neitz et al 2001; Jacobs and Deegan II 1994; Cuthill 2006; Loew and 
Govardovskii 2001; Sillman et al 1997, 2001). Since in most species, this single photopigment is the 
only one operating in very dim light, so-called “scotopic” or rod-mediated vision is usually 
monochromatic. 
However, there are no practical situations involving artificial lighting where either the animals’ or the 
visitors’ eyes will be sufficiently dark adapted to be using only their rods for vision, because of the 
necessity of certain minimum levels of lighting for human safety. With humans, 100% rod vision only 
occurs under starlight or very dim moonlight. As soon as there is more light than this, the cone 
threshold is reached and both rods and cones become functional; this is called "mesopic" vision. 
Colour perception is present although somewhat altered – the so-called Purkinje effect – when rods are 

Fig. 15 



still in play; but as levels rise above those of twilight, the rods become saturated (“bleached”) and 
unresponsive. Pure cone vision – so-called "photopic" vision - takes over. 
Figures 16 and 17 show the spectra of the blue and red LEDs and the “white” LED in the frosted clear 
and opaque domes, respectively, with the spectrum of moonlight and the absorption spectrum (not to 
scale) of a typical rod pigment - that of a human (Hatori and Panda 2010) - overlaid for comparison. 
 
 

 

 
The feature to note in Figure 16 is that the light from the blue LED is well within the wavelength 
range which will elicit a strong response from rod cells, whereas they will be barely responsive to the 

Fig. 16 

Fig. 17 



light from the red LEDs. At the irradiance level at which light from the blue LED would saturate the 
rods, light from the red LED will not do so. Both the “white” LEDs featured in Figure 17 will also 
stimulate the rod cells strongly, although the attenuation of the blue wavelengths by the opaque dome 
should reduce its ability to saturate the rods, compared to the frosted clear dome and the blue LED. 
 
In most Nocturnal Houses, during the reverse cycle “night” phase, there are large areas which are not 
directly illuminated by the dim artificial lighting. To see into these much darker areas, the animal 
inhabitants require at least mesopic vision with functioning rods. The ambient lighting in slightly 
better- illuminated areas may be only similar to that of bright moonlight or twilight (around 1- 3 lux) 
but this is bright enough to stimulate cone vision sufficiently for humans to see colour.  
In the vicinity of the individual LED lamps, light levels will be much higher still. These much brighter 
areas will cause problems for the dark-adapted eye if the wavelengths of that light are ones to which 
rhodopsin is sensitive. As soon as the intensity of light within these wavelengths rises much above that 
of twilight, the pigment is fully “bleached” and the rod becomes unresponsive. The pigment takes time 
to regenerate when darkness returns. (This creates the familiar temporary loss of night vision we 
experience after switching on a torch to examine a map, for example, when out walking in the dark.)  
As can be seen from the chart, rhodopsin sensitivity peaks in the blue-green wavelengths, at around 
498nm in humans; red light above 600nm has far less effect. After exposure to blue-green or white 
light, it will take longer to reach the same level of dark-adaptation than after exposure to red 
(Hendrikse 1994). 
So looking into the brightly lit vicinity of a blue lamp will temporarily reduce, or even destroy rod-
mediated vision. On the other hand, a similar level of red light will have comparatively little effect 
upon rhodopsin, so rod-mediated vision will remain functional. In red light, all species which use rods 
to see in dim light, including humans, will still be able to use their mesopic vision to full effect.  
Therefore in humans, and probably in all species using rod vision in dim light, red is the colour of 
choice if you need occasional bright illumination within a dark setting. Night vision is far less 
impaired than it is with white or blue light. The use of red light in the Nocturnal House is therefore 
preferable to blue, and to bright white light, to both the animal occupants and the human observers.  
When very dim broad-spectrum white light is used, however, there is a far greater resemblance to 
moonlight. This is aesthetically more pleasing; but areas of brightest illumination may reach photopic 
intensities and cause some destruction of rod-mediated vision. Lamps with proportionally less short-
wavelength light would thus be preferable; of the lamps in this study, the “white” LED in the opaque 
dome would seem to be the more suitable choice.  
  
2) Cone-cell mediated vision 
A quick search on the internet reveals a great deal of confusion and misinformation concerning colour 
vision in animals. The most common misconceptions seem to be that “animals are colour-blind” and 
“animals cannot see red”. In fact, most animals can certainly see, and distinguish, a range of colours. 
Whether animals can see anything at all of the light which we call “red” is a different question from 
whether they can distinguish “red” as a colour which is distinct from other colours. To simply perceive 
red light merely requires at least one set of cones with sensitivity spanning approximately 620nm – 
750nm; to be able to discriminate red as a different colour from, say, green necessitates at least two 
different sets of cones, the sensitivities of both of which are different, but which may overlap to some 
extent within the green and red wavelength range. This is because colour discrimination is obtained by 
comparison, within the brain, of the relative stimulation of different cone types. (For a detailed review, 
see Cuthill 2006.) What colours an animal can see can be assessed by examining the spectral power 
distribution of their cone photopigments; although of course we will never know what the colours 
really “look like” to the animal. Four main classes of visual pigment may be found in vertebrate cone 
cells: long wavelength sensitive (L), mid-wavelength sensitive (M), short-wavelength sensitive (S), 
and ultraviolet-sensitive (UV) pigments. The precise wavelengths to which the pigments respond vary 
with species, and are also modified in birds and reptiles by the existence of carotenoid-containing oil 
droplets in some of the cone cells which act as spectral filters, narrowing the waveband to which the 
cone responds.  
 
 



Mammals 
Most mammals have only two cone pigments, and so their retinas possess S and M cones and rods, in 
proportions which vary with species. Figure 18 (below) shows the spectral power distribution of the 
photopigments in the retina of the domestic dog, (Neitz et al 2001) overlaid with the spectra of the 
blue and red LEDs and of full natural sunlight, for comparison. The dog is a typical mammalian 
dichromat, able to see the full spectrum of light visible to humans. Like many colourblind humans, it 
can see red light, but cannot discriminate it from green since both red and green light stimulate only 
the M cone. It can, however, distinguish blue from ‘red-and-green’.  
 

 
Primates 
Among the primates, the prosimians (such as the lemurs of Madagascar, lorisoids, and tarsiers) and 
Old World monkeys (such as baboons and macaques) typically have the usual mammalian dichromatic 
vision with rods, S and M cones in the retina. Most New World primates (platyrrhines) also have this 
typical arrangement. There are a couple of interesting exceptions, however, with nocturnal species 
which are of relevance to this discussion. 
Members of the Owl Monkey genus, such as Aotus trivirgatus, are the only nocturnal New World 
primates. Jacobs (1977) demonstrated using behavioural studies that they could to a limited extent 
discriminate between some colours; however further investigation (Jacobs et al 1993) has revealed that 
the Owl Monkey is unusual in having genes for an “S cone” pigment which is non-functional; so these 
monkeys appear to rely entirely upon their rods and M cones for vision. The Owl Monkeys may use 
rod and cone information together, to infer “colour” of some sort in mesopic lighting conditions. 
Assuming their rod and M cone sensitivities are similar to those of the dog, Figure 18 suggests that 
Owl Monkeys would appear to be less visually sensitive to the red LEDs than the blue one, although 
able to see light in both wavelength ranges. 
Among the lemurs, the nocturnal Aye-Aye (Daubentonia madagascariensis) is unusual in having its S 
pigment with peak sensitivity on the borderline between UVA and violet-blue, at 406nm (Carvalho et 
al 2011). This gives the Aye-Aye the ability to see further into the UVA than diurnal primates, and 
enables colour discrimination between UVA-blue and longer wavelengths. This may enable the Aye-
Aye to perceive colour while foraging in twilight or moonlight (Perry et al 2007). After sunset, the 
ambient light shifts towards blue, owing to the colour of the twilight sky. Increased sensitivity to these 
wavelengths, and enhanced colour discrimination in the UVA, blue and green range may provide a 
visual advantage to crepuscular animals. 

Fig. 18 



During the day, both these nocturnal primates can see all wavelengths from blue to orange-red 
(although the Aye-Aye is red-green colourblind and the Owl Monkey is completely colourblind once 
the rods are bleached) and the Aye-Aye can also see some UVA. This suggests that full-spectrum 
lighting is appropriate for both species during the day, and dim white light would also be appropriate 
at night, to enable nocturnal colour vision. Red LED light would have less effect upon rod vision than 
blue, but sole use of either of these would render the animals’ colour vision ineffective.  
 
Humans, apes, Old World monkeys and the platyrrhine Howler Monkeys have evolved additional, 
long-wavelength “L” or “red” cones as a subset of the green ones, enabling them to distinguish 
between red and green. Figure 19 (below) shows the sensitivity response of the human rods and cones 
(Hatori and Panda 2010). Light from the blue LED stimulates all four photoreceptors, which explains 
why blue LEDs appear extremely conspicuous to human eyes; this type of retina is very sensitive to 
blue light.  
 

 
 
Rodents 
Some nocturnal rodents such as rats, mice, and gerbils are, like most mammals, only dichromats but 
the sensitivity of their cone pigments has shifted towards the shorter wavelengths, to such an extent 
that the short-wavelength-sensitive cone has peak sensitivity in the UV range. Figure 20 (below) 
illustrates the photopigment spectra of the gerbil (Jacobs and Deegan II 1994). Blue LEDs would be 
highly conspicuous to this animal, but orange-red light is on the edge of its visual range. Dim light in 
what humans might describe as “pure red” wavelengths, above 630nm, might not be visible at all. 
Traditionally, red light has been used as night lighting for observing rats and mice owing to its 
apparent lack of effect upon behaviour. Even orange wavelengths from sodium lights (wavelength 
589nm), which are highly visible to humans, seem to be at the margin of murine vision and have been 
recommended for reverse cycle lighting for laboratory rodents where minimal disturbance is required 
(McLennan and Taylor-Jeffs, 2004). The used of red LEDs might even be preferable to white with 
these species, which could perceive dim white light as “moonlight”, whereas areas lit by pure red 
LEDs might appear perfectly dark to them. 
 
 

Fig. 19 



 
The apparent inability of these nocturnal rodents to see red light has probably led to the false 
generalisation that it is invisible to all animals.  The more specific claim that most mammals cannot 
distinguish red from green, however, is true. 
 
Birds 
Birds have an extremely wide visual spectrum. In general, all five classes of photopigment are found 
in birds.  In some species, the ultraviolet-sensitive (UV) pigments have maximum sensitivity in the 
violet-blue region rather than in the ultraviolet, so that not all birds have equally good UV vision. In 
those which do, however, vision may span the full range of wavelengths from borderline UVB (around 
315nm) to deep red (around 700nm). As tetrachromats, they also have the potential for colour 
discrimination unsurpassed among vertebrates.  
The only exceptions to this wide spectral range appear to be in the owl family, which lack the UV-
sensitive pigment. Its absence has been noted, so far, in the Tawny Owl (Strix aluco) and Tengmalm’s 
Owl (Aegolius funereus), as cited by Cuthill (2006). However, even without the UV cone, these 
species will be trichromats with colour discrimination easily as effective as that of a human. Owls, like 
all other birds, will see the red LED as a light of a very distinctive colour, and the blue LED will also 
appear very vivid and bright. Sole use of either of these would render their colour vision ineffective; 
dim white “moonlight” would seem more appropriate. Nocturnal owls require extremely good vision 
for flight and prey detection in very dim light. They therefore have extremely large eyes since a wider 
pupil, larger lens and increased retinal surface can collect more ambient light. An owl's eyes may fill 
over one half its skull, and the retina has a high proportion of rods for optimum mesopic and scotopic 
vision. For example, rods make up approximately 90% of the photosensitive cells in the eye of the 
Barred Owl (Strix varia) (Braekevelt et al, 1996). 
Interestingly, recent research suggests that some birds, at least, may have a higher intensity threshold 
for colour vision than the only other vertebrates studied to date: human, horse and Helmet Gecko 
(Kelber and Lind, 2010). Bourke s parrots (Neopsephotus bourkii) and budgerigars (Melopsittacus 
undulatus) both lose colour vision in brighter light ( end of civil twilight  - around 3.5 lux) than 
humans and horses (1 lux). Bourke’s parrots are active well after dark, however, relying upon scotopic 
vision after twilight (Lind and Kelber 2009). Figure 21 (below) shows the photopigment absorption 
spectra for a typical diurnal passerine bird, the European Starling (Cuthill 2006). The peak sensitivity 
of the S cone closely matches the peak wavelength of the blue LED; this blue light will be highly 
conspicuous to this species. 

Fig. 20 



   
Reptiles vary enormously in their ability to see in full colour. 
 
Whether diurnal or nocturnal, all geckos have pure cone retinae. Nocturnal geckos have extremely 
sensitive night vision complete with proven colour discrimination at light levels which are scotopic for 
humans. Figure 25 shows the typical photopigment spectra of several nocturnal geckos as reported by 
Roth and Kelber (2004). 
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The Helmeted Gecko, Tarentola chezaliae, learned to discriminate between blue and grey, at light 
intensities mimicking dim moonlight (Roth and Kelber, 2004). The eye of the Helmeted Gecko is 350 
times more light-sensitive than that of the human at intensities at which each of them discriminate 
colours. Their eyes are well adapted for night vision, being relatively large and having pupils with 
greater apertures than diurnal species. Their cones are very large to absorb maximum light. Their 
lenses are also multifocal, with the variable refracting power of the lens focusing images from light of 
different wavelengths on different parts of the retina containing the appropriate cone types. (Roth et al 
2009). These adaptations enable colour vision even in very dim light.  
The proven existence of nocturnal colour vision in these lizards, and its use in discriminative tasks, 
indicates that the use of single-colour LEDs is totally inappropriate for these animals. A continuous 
spectrum approximating white “moonlight” is the minimum necessary to allow them to experience 
normal colour vision.  
If other reptiles also possess nocturnal colour vision, then single colour LEDs are inappropriate for 
these, as well.  
 
Turtles possess all five photosensitive pigments and a range of oil droplets within their cones, 
resulting in seven distinct cone types plus rods; this is the most complex system yet described for 
vertebrates (Loew and Govardovskii 2001). The turtle is thus a tetrachromat with a wide range of 
colour vision that is similar to that of the bird, as shown in Figure 22 (below), although the turtle’s L 
cone has maximum sensitivity around 617nm which gives these animals particularly good vision in the 
far red wavelengths, and which incidentally places the spectrum of the red LED at the very peak of the 
L cone’s response.  Both the red and the blue LEDs are likely to be very conspicuous to these turtles. 
 
 

 
At the opposite end of the scale are nocturnal snakes, such as the boas and pythons, which owing to 
their need for excellent night vision, have a predominance of rods (89 - 90%) in their retina (Sillman et 
al 1999 and 2001). These snakes have no S or L cones but have retained the UV cone, possibly for 
enhanced twilight vision (Fig. 23). They would be able to see both the blue and the red LED.  
However, since there is no overlap in sensitivity between UV and M cones, colour discrimination, if it 
occurs, must rely upon some input from the rods, as it does for the nocturnal Owl Monkey. This would 
only be possible in mesopic lighting conditions, when both rods and cones were functional. 

Fig. 22 



 
In striking contrast, some diurnal snakes have no rods at all. The Garter Snake, Thamnophis sirtalis, 
for example, has an all-cone retina (Sillman et al (1997); Figure 24).  
 

 
At scotopic light levels the garter snake retina shows no electrical activity; this snake must therefore 
be expected to have comparatively poor vision in dim light, unable to see at all until at least one of the 
cone thresholds was reached. It would be able to see both red and blue LEDs; since the M cone 
sensitivity is optimal close to the peak wavelength of the blue LED, it seems likely that the snake 
would see light from this LED more easily than the red one.  

Fig. 23 
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Curiously, no experimental work seems to have ever been done to discover whether any snakes can 
discriminate between colours. The spectral distribution of the cone pigments in these snakes would 
make trichromatic colour discrimination perfectly possible, and as Sillman et al (1997) point out, 
“Color vision is so common among the vertebrates... that it would not be unreasonable to assume that 
the garter snake has color vision.” 
 
Amphibians 
Most amphibian species, including the tree frogs Hyla cinerea and H. arborea, common frog (Rana 
temporaria), leopard frog (Rana pipiens), bullfrog (Rana catesbeiana), African clawed frog (Xenopus 
laevis) and tiger salamander (Ambystoma tigrinum) possess not only conventional rods containing 
rhodopsin with maximum sensitivity around 502 - 503nm, the so-called red rods, but also ‘green’ rods 
containing a short wavelength-sensitive visual pigment with maximum sensitivity at about 430 - 
435nm (King et al 1993; Gomez et al 2010; Bäckström and Reuter 1975; Takahashi et al 2001).  
Amphibians also possess long-wavelength-sensitive (L) cones, sensitivity around 575 – 580nm, and 
small populations of M and/or S-type cones with sensitivity to shorter wavelengths have been recently 
identified in some species. Trichromatic colour vision has been demonstrated in Salamandra 
salamandra (Przyrembel et al, 1995).  
In other species, the ‘green rod’ is absent and an S cone appears to have taken its place in the visual 
detection spectrum. The Strawberry Poison Frog (Dendrobates pumilio) is one such example. Diurnal 
frogs such as these Dendrobatidae are typically very brightly coloured and have excellent colour 
vision including red-green discrimination, enabling conspecific signalling (Siddiqi et al 2004; Figure 
26). 
 
 

 
Many amphibians can also perceive UV; the tiger salamander, for example, possesses UV cones as 
well as S cones, L cones and red and green rods (Przyrembel et al, 1995). The Smooth Newt 
(Lissotriton vulgaris) utilises UV in mate choice (Secondi et al 2012).  
 
Nocturnal colour discrimination has been demonstrated in Hyla arborea (Gomez et al 2010); the depth 
of red colour of the vocal sacs of the male influences mate choice. Crepuscular and nocturnal species 
having two types of rod may therefore develop nocturnal colour vision similar to that of the geckos. In 
mesopic conditions, amphibians may use the L cones in opponency with their green rods for colour 
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vision; in scotopic conditions the red rods may take over the function of the L cones (Bäckström and 
Reuter 1975). 
The presence of L cones in amphibian retinae would enable these animals to perceive red light at 
mesopic levels. Therefore it is likely that they would be able to see red LEDs, as well as blue ones, if 
these were used in a Nocturnal House with reverse cycle lighting. Single colour LEDs would thus 
appear to be unsuitable for use with these species, too; dim white light, simulating moonlight, would 
be more appropriate. 
 
Colour vision and choice of light at night 
All the lamps in this trial provide intense illumination, when compared to moonlight, at close range. 
They are thus likely to enable colour vision in all species described above, by stimulation of retinal 
cones, with the possible exception of the red LED in the case of certain nocturnal rodents.  
However, red and blue LEDs will only permit the colours red and blue, respectively, to be seen; they 
effectively deprive animals of full colour vision by their very nature. Species with S-cones will find 
the blue LED particularly conspicuous as its wavelength is close to the maximum sensitivity of most 
short-wavelength-sensitive photopigments. 
Of the two “white” lamps on trial, the one in the opaque dome has the spectrum closer to that of 
natural moonlight, owing to its reduced short-wavelength component. Its light will permit a range of 
colours to be perceived; but the spectrum is sufficiently dissimilar to moonlight that its light may not 
appear totally natural to all species, especially those with UV-cones, since all wavelengths below 
420nm normally found in moonlight are absent. 
 
The use of the blue LED offers a further disadvantage to human observers. In primates, including man, 
the lens focuses light entering the eye onto a part of the retina known as the fovea, which is entirely 
populated by cones, mediating high visual acuity. However, in man, the blue-sensitive S-cones are 
completely absent from the very centre of the fovea; this area, crucial for sharp image formation, is 
effectively blue-colourblind. This, combined with chromatic aberration - the failure of a lens to focus 
all colours to the same convergence point, because of its different refractive index for different 
wavelengths of light - means that it is not possible for the human eye to perceive a perfectly sharp 
image under pure blue light (Calkins 2001).  
 
Blue LEDs therefore create possibly the worst viewing environment in a Nocturnal House: an 
apparently bright, conspicuous light which readily destroys rod vision, but which prevents a sharply-
focused view of the subjects illuminated. 
 
B. Non-visual perception of the light by the animal 
The disadvantages of blue light at night are not, however, limited to its effect upon vision. The 
proportion of blue in natural daylight varies with the altitude of the sun, owing to differences in 
absorption and scattering of light of different wavelengths as it passes through the earth’s atmosphere. 
Living things not only perceive these daily spectral changes; they use them to structure their daily 
lives. Our sky is blue because the upper atmosphere strongly scatters the blue wavelengths in sunlight. 
Levels of blue light reach their maximum on a clear day, when the radiance from a deep blue sky 
contributes further to the blue component within the full spectrum of sunlight. However, these 
wavelengths also predominate in twilight, when direct sunlight is absent but the sky is still radiating its 
scattered light. Blue light therefore signals the beginning and end of the day; animals use it to tell the 
time. 
 
It has long been known that circadian and circannual rhythms influence almost every behavioural and 
physiological response, including daily sleep patterns, body temperature, alertness, hormone levels, 
immune function, digestive activity and seasonal reproductive behaviour. These rhythms are 
controlled by endogenous oscillators, the circadian clocks. The master circadian clock regulating the 
behavioural rhythms is in the brain, in an area known as the suprachiasmatic nucleus or SCN, in the 
hypothalamus. These rhythms have been investigated extensively in all vertebrate taxa; they are 
regulated by non-image forming (NIF) responses to light. The phase of the clock is adjusted daily, 



primarily by light – a process known as circadian photoentrainment.  Changes in day length, light 
intensity and spectrum all have an effect, as does exposure to light at night.  
The hormone melatonin, secreted by the pineal gland in response to feedback from the SCN, plays an 
important role. Melatonin secretion is an extremely light-sensitive process. In both diurnal and 
nocturnal animals, melatonin synthesis is restricted to the hours of darkness, and circulating levels 
peak during the night. Light suppresses sleep in diurnal animals, whereas it enhances sleep in 
nocturnal animals. Even a few minutes of exposure to bright light, especially shorter-wavelength light 
(i.e. blue, or white light containing blue wavelengths), during the night can acutely suppress pineal 
melatonin synthesis and secretion, and produce both a suppression of activity during an animal’s 
waking phase and a disruption of its circadian rhythm, causing modulation of sleep patterns. (Dijk and 
Archer 2009; Hatori and Panda, 2010). In ectotherms, melatonin synthesis and circadian rhythms are 
also governed by temperature (e.g., Firth et al 1999).  
The hormonal changes and re-setting of circadian clocks, however, occur over hours and days. Bright 
light also elicits an immediate response, sometimes within a few seconds or minutes. In diurnal 
animals such as humans, there is an acute effect upon alertness, for example, and blue light has the 
greatest effect (Chellappa et al, 2011; Vandewalle et al, 2007; Rautkylä et al, 2012). The mechanism 
by which all these effects take place is still being elucidated. 
 
NIF responses in the retina 
Intrinsically photosensitive retinal ganglion cells (ipRGCs) utilising a novel photopigment, named 
melanopsin, were first identified in mammals as a source of NIF responses (Berson 2003; Brainard et 
al, 2001). The ipRGCs connect with many parts of the brain, including the SCN, mediating a broad 
range of physiological responses to light, ranging from melatonin synthesis and the regulation of 
circadian rhythms to pupil constriction. There are also direct connections to parts of the brain 
connected with arousal and alertness (eg. Hatori and Panda 2010; Grünert et al, 2011; Jusuf et al, 
2007).  
Melanopsin has now been found in circadian photoreceptors in all vertebrate classes studied. These 
appear to be restricted to the retina in mammals, but are found in the retina, retinal pigment 
epithelium, iris, pineal, brain, and even in the skin in some non-mammals.  
 
Crucially, in the context of using artificial light to create both “day” and “night” in the Nocturnal 
House, melanopsin photopigment shows peak spectral sensitivity at around 480 nm, which lies in the 
blue/cyan range of visible light.  
This makes blue light a vital component of daytime lighting, but undesirable at night since stimulation 
of ipRGCs at night will lead to suppression of melatonin synthesis and disruption of circadian settings. 
Although some blue light is present in moonlight, there is proportionately less than in sunlight, as 
previously mentioned; and even very bright moonlight is dim in comparison with the dawn.  
Melanopsin appears to require a higher intensity of light than either rhodopsin or cone photopigments 
to elicit a response. It has recently been demonstrated, however, that in very dim light, the rod cells 
drive NIF functions, and the ipRGCs act by conveying rod information to relevant areas of the brain. 
At slightly higher light intensities they also channel input from cones, and with yet more light, 
melanopsin signalling by the ipRGCs themselves comes into play (Lall et al, 2010; Do and Yau, 
2010).  
 
Figures 27 and 28 (below) show the sensitivity response of melanopsin in the human retinal ganglion 
cells (Hatori and Panda 2010), and its relationship to the spectra of moonlight, and the coloured and 
“white” LEDs on trial. The blue LED and the “white” LED in the frosted clear dome both have 
irradiance peaks very close to the maximum sensitivity of melanopsin; given suitable proximity, these 
lamps should readily stimulate ipRGCs, just as we have already seen that they will stimulate the rods. 
The “white” LED in the opaque dome should be less effective, owing to the reduction in blue and cyan 
wavelengths. Light from the red LEDs should have little or no effect upon the ipRGCs as melanopsin 
is virtually non-responsive to those wavelengths; and as previously determined, red light also has 
minimal effect upon rods. 
 
 



 

 
 

 
 
Experiments in which melatonin synthesis is disrupted by blue or white light at night often utilise 
discrete, fairly bright lights which the subjects look into, and in humans, threshold levels of blue light 
have been described. The intensity of blue light from LEDs, for example, determined the degree of 
suppression in a study by West et al (2011). However, even very low levels of blue light can have a 
significant effect. In their study, a 90-minute exposure to a blue LED (469nm) panel emitting only 
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20µW/cm² (giving an illuminance reading of just 18.7 lux) produced statistically significant 
suppression of melatonin in human subjects. Even 10 µW/cm² (9.4 lux) produced detectable 
suppression which was equivalent to that produced by much more intense illumination (40µW/cm² , 
85.4 lux) from a white light produced by a regular fluorescent tube. 
Humans require considerably more light to suppress melatonin synthesis than some nocturnal species. 
Zawilska (1996) gives as an example the albino rat (Rattus norvegicus), in which irradiance of a mere 
0.0005 µW/cm² (0 .0017 lux)  – presumably white light – evoked marked depression of melatonin 
synthesis by the pineal gland. It therefore seems likely that any light containing short wavelengths 
which is used during the ‘night’ phase of reverse cycle lighting could have a significant effect upon the 
melatonin production and possibly also other circadian rhythms of the occupants of a Nocturnal 
House.  
 
There is some disturbing evidence that continuous low level light at night, especially that containing 
blue wavelengths, may have long-term effects upon both physical and mental health, although this has 
not yet been conclusively linked to chronic melatonin suppression. Nevertheless, warnings have been 
issued regarding the increasing use of LEDs and metal halide lamps for street lighting at night. Both of 
these emit much more blue light than old-fashioned tungsten or sodium lamps (Falchi et al, 2011; 
Pauley, 2004). Chronic exposure to light at night has been linked to increased risk of breast cancer and 
colorectal cancers, obesity and mood disorders in humans. The biochemistry of some of these effects 
has been studied in rats and hamsters. In rats, tumour growth was much more rapid when melatonin 
synthesis was suppressed by light at night (Pauley, 2004); melatonin is a protective, oncostatic 
hormone and strong antioxidant. Only 5 lux of light at night produced depression- like behaviours in 
female hamsters, at least in part by increasing production of pro-inflammatory cytokines in the brain; 
melatonin suppression was not investigated in this study (Bedrosian et al, 2012).    
 
Extra-retinal Photoreception 
In many birds, fish, reptiles, and amphibians, unlike mammals, circadian photoentrainment does not 
necessarily require input from the eyes. In these species, light penetrating the skull acts directly on 
photoreceptor cells in the pineal gland itself, and on so-called deep brain photoreceptors in the brain. 
In addition, the tuatara and some lizards possess a parietal eye. This is a highly organized 
photoreceptive structure, with a well-defined lens, cornea and retina which is located outside the skull, 
but forms part of the pineal complex and, like the pineal, synthesises melatonin. Frogs and toads 
possess a similar structure, the frontal organ. All of these extraretinal photoreceptors are NIF 
irradiance detectors, utilising opsins to signal the intensity and spectral characteristics of daylight, and 
mediate the effects of light on circadian and reproductive rhythms. (For detailed reviews, see Dodt and 
Meissl, 1982; Grace et al 1996; Tosini, 1997.) A considerable range of opsins have now been 
identified from all four non-mammalian vertebrate classes.  
 
The Pineal  
The pineal organ is found in all vertebrates studied to date except for the hagfish (Myxinidae), 
although it is vestigial in the alligator, Alligator mississippiensis  and the owl Strix uralensis. It is 
located near the dorsal surface of the brain, in the midline, beneath the skull. It is a central component 
in the regulation of circadian rhythms, in particular those controlling body temperature and locomotor 
activity. Melatonin is the major product synthesised by the pineal, but serotonin, norepinephrine and 
epinephrine are also produced. It responds to signals from the retina of the lateral eyes and from the 
parietal eye (when present) but in reptiles, amphibians, birds and fishes it is itself photosensitive.  
Light must pass through the skin, bony skull and blood vessels to reach the pineal. Owing to the 
absorption spectra of skin pigments such as melanin, and haemoglobin, photons of longer wavelengths 
(700–750 nm) penetrate approximately 1,000 times more effectively into the brain than photons of 
shorter wavelengths (400–450 nm) (Hartwig and van Veen 1979). Larger animals with thicker skulls, 
and those with more protective, thicker skin or heavier pigment will require brighter light to effect a 
response. Estimates were made by Hamasaki and Dodt (1969) of the minimum daylight illuminance 
needed on the heads of several living reptiles to elicit a pineal response. They calculated a value of 
about 20 lux for a Red-tailed Spiny-footed Lizard (Acanthodactylus erythrurus) or Ruin Lizard 
(Podarcis sicula), with estimated transmission of 0.2% of incident light to the pineal; and 400 lux (a 



typical figure for skylight at the point of sunrise or sunset) for the large thick-skinned Green Iguana 
(Iguana iguana), estimated transmission being only 0.01%. It may seem hard to imagine sufficient 
light penetrating the skull of any animal at dawn or dusk to stimulate photoreceptors within the brain. 
However, retinal rod cells will respond to starlight, estimated at 0.0002 lux. If pineal cells have a 
similar sensitivity then a response to dawn or dusk is not merely possible; it is inevitable. 
 
Several different photosensitive opsins have been isolated from pineal organs. Pinopsin – a rhodopsin-
like visual opsin –  has been found in many non-mammalian species; melanopsin is present in the bird 
and amphibian pineal and a UV-sensitive photopigment has also been isolated from the frog pineal. In 
amphibians and fish, at least, pineal photoreceptors appear to be similar to retinal receptors, divided 
into different subpopulations containing rod- and cone-like cells (Meissl and Yanez 1994). The pineal 
responds both to the intensity of the illumination (acting as a kind of irradiance meter), and to its 
wavelength; UV and blue light having an inhibitory effect, green and red light being excitatory (Dodt 
and Meissl, 1982). Pineal photoreceptors in salamanders (Ambystoma tigrinum) function as a sky 
polarization compass, and differential pineal responses to short- and long-wavelength light facilitate 
the magnetic compass of the newt Notophtalmus viridiscens (Bertolucci and Foa 2004).  
 
The Parietal Eye 
The photoreceptors in the lizard parietal eye contain two opsins in the same cell: parietopsin, which 
has an absorption maximum at 522 nm (green) and either a blue-sensitive pigment, pinopsin, or a UV-
sensitive pigment, parapinopsin. Pinopsin has been isolated from the parietal eye of the side-blotched 
lizard Uta stansburiana (Su et al 2006)  and the ruin lizard Podarcis sicula (Frigato et al 2006). The 
Iguana iguana parietal eye utilises parapinopsin (Wada et al 2012). The green- and blue- (or UV-) 
sensitive pigments act antagonistically within a single photoreceptor cell, and so the resulting signal 
indicates the ratio of shorter (blue or UV) to longer (green) wavelength light. This ratio alters with 
solar elevation, so this process is likely to be part of a solar ‘clock’. Several species of lizards – the 
Desert Lizard (Uma notata), the Sleepy Lizard, (Tiliqua rugosa), and the Ruin Lizard (Podarcis 
sicula) also use the parietal eye as a sky polarization compass (Freake 1999;  Beltrami et al 2012). 
Beltrami et al showed that the Ruin Lizard parietal eye detects linearly polarized light in the blue 
wavelengths. This lizard has a semi-translucent scale over the parietal eye, and more than 20% of 
incident white light reaches the photoreceptor cells, including UV and short-wavelength visible light 
(Dodt and Meissl, 1982). These are diurnal species.  
The crepuscular Tuatara (Sphenodon punctatus) also has a very well developed parietal eye with a 
translucent cornea, although this is only fully exposed for the first 4 to 6 months of life, before it is 
covered by more opaque scales. The light transmission properties and photopigments of the tuatara 
parietal eye do not appear to have yet been investigated, but it seems likely that it has, at the very least, 
an important role in circadian photoentrainment.   
 
Deep Brain Photoreceptors 
The existence of light-sensitive cells in several distinct parts of the brain itself, such as the basal region 
of the lateral ventricles, and the periventricular area on the hypothalamus, has been demonstrated in all 
reptiles, amphibians and birds studied (Bertolucci and Foa, 2004). These deep brain photoreceptors 
(DBPs) contain a number of different opsins, and have been shown to be involved in photoentrainment 
of circadian rhythms of activity in reptiles (Pasqualetti et al 2003) and seasonal breeding in birds 
(Halford et al 2009).  
Combined input from DBPs, the pineal complex and the lateral eyes, each utilising opsins with 
different spectral sensitivities, enables the circadian system to extract very precise information about 
dawn and dusk – times when changes in the spectral composition are maximal, and circadian 
photoentrainment is most relevant. This level of sensitivity to the quality of crepuscular light presents 
a difficult challenge to the designer of lighting for a Nocturnal House. 
 
Although it is still generally believed that mammals, including man, do not possess DBPs, some 
opsins have been isolated from parts of the mammal brain which act as deep brain photoreceptive 
molecules in non-mammals. For example, “Opsin 5”, a mammalian neural tissue opsin, functions in 
DBPs in the quail brain (Nakane et al 2010). Blackshaw and Snyder (1999) noted that encephalopsin 



was selectively distributed in the mouse brain, and particularly high levels were expressed in the 
paraventricular nuclei and the anterior medial preoptic areas – which in non-mammals are areas 
strongly associated with light detection. However, even though there is plenty of evidence that light 
can penetrate through the skull into deep layers of the mammalian brain (e.g., Hartwig and van Veen, 
1979) it is not yet clear whether there are functional deep brain photoreceptors in mammals. 
 
C. The so-called “blue light hazard” 
 
The energy released when a photon is absorbed depends upon its wavelength; the shorter the 
wavelength, the greater the energy – and hence, in general, the greater the photobiological activity. 
Blue light has the highest energy level of the light that reaches the human retina. For animals that can 
see UVA, this too reaches the retina – and is likely to have an even stronger effect. Intense exposure of 
the retina to different wavelengths of light (in experiments with anaesthetised rats and monkeys, for 
example) has clearly shown that the shorter the wavelength, the more severe the damage. (For a full 
review, see vanNorren and Gorgels 2011.) The effect is primarily through absorption of excessive 
light by rhodopsin in the rod cells, with blue having the strongest effect. This has led to the definition 
of a “blue light hazard” and the restriction of exposure to high levels of blue light (e.g., ICNIRP 
guidelines 1997.) Some concerns have been expressed that at close range, powerful blue LEDs are 
capable of exceeding safe limits of this so-called blue-light hazard. Fortunately, in the Nocturnal 
House during simulated night, it seems unlikely that any animal would voluntarily stare into an LED 
lamp at close range. 
Nevertheless, over long periods of time, exposure to light does cause progressive retinal degeneration, 
and blue wavelengths are believed to be particularly responsible for this damage, especially to the rod 
cells. The aetiology of age-related macular degeneration (ARMD) in humans is still not fully 
understood, but chronic exposure to the blue wavelengths in sunlight is believed to play an important 
role. After cataract surgery, for example, patients are now given artificial lenses which filter out UV 
and blue wavelengths. Before this was done, patients who had their lenses removed – allowing shorter-
wavelength light to reach the retina – were found to have more than double the risk of developing 
ARMD than humans with intact lenses. (Algvere et al 2006) 
 
The long-term effect of chronic exposure to low levels of blue light throughout the entire activity 
period of the animals in a Nocturnal House is completely unknown. The option of reducing their 
exposure to blue light, by using either red light or white light with as low a blue content as possible 
through the “night”, seems a very viable one to take even as a purely precautionary measure. 
 
Recommendations 
Diurnal period 
In view of the enormous range of visual capacities of different animals and birds, white light with a 
full spectrum (from UVB to infrared) as close as possible to sunlight would seem appropriate for 
“daytime” use with all species. Dawn and dusk are crucial periods for circadian photoentrainment in 
all species, whether diurnal or nocturnal. Many Nocturnal Houses simulate dawn and dusk by a 
gradual increase in light levels at the beginning of the “day”, and a gradual decrease at day’s end. UV 
levels are slower to rise than visible light in the morning, and swifter to fall in the evening; this can 
also be crudely simulated indoors by activating the UV lamps only when the diurnal lighting is at full 
brightness.   
 
Nocturnal period 
Lighting within the Nocturnal House is always a compromise between the human visitors’ requirement 
to see the animals as clearly as possible, and the animals’ need to experience relatively natural lighting 
(in terms of spectrum and intensity) for their health and welfare. Nevertheless, this study has identified 
several important features for consideration. 
 
1) There are multiple reasons for discontinuing the use of pure blue light during the nocturnal 
period, for the improved welfare of the animals: 



a) Non-visual perception, which is vital for maintaining circadian and circannual rhythms and 
activity levels, is maximally responsive to blue light. This makes the use of blue light at night 
counterproductive, since blue light is effectively signalling “daytime” to the brain. It is possible 
that reducing blue light may make a significant improvement to nocturnal activity levels. 
b) Many crepuscular and nocturnal animals have excellent colour vision; however, the use of a 
blue LED, with its very restricted wavelength range, only permits the colour blue to be seen. The 
animal is, in effect, rendered completely colour-blind. 
c) Rod vision in dim light is also far more sensitive to blue light than to longer wavelengths. 
Blue LEDs strongly stimulate the rods as well as the “blue” cones in the eye; and when looking 
at blue LEDs, or the areas lit by them, bleaching of the rods will cause a reduction in the 
sensitivity of night vision. 
d) The long-term effects of low level light on humans, let alone animals, are unclear. What data 
there is, however, does suggest that any health problems which light at night may cause are 
likely to be worse with shorter wavelength light, owing to its greater effect on melatonin 
synthesis. 
e) Although “blue light hazard” resulting from intense exposure is very unlikely in this setting, 
negative effects of long-term low-level exposure of the retina to blue light, such as age-related 
macular degeneration, cannot be ruled out. 

It is also worth bearing in mind that many humans find pure blue lighting un-natural, unpleasant and 
even disturbing.  
 
2) If single-colour LEDs are to be used at “night” with reverse cycle lighting, red light is much 
preferable to blue, for the following reasons: 

a) Non-visual perception is minimally responsive to red light. Circadian rhythms produced as a 
result of artificial “dawn” and “dusk” using full spectrum lighting should not be adversely 
affected by red light at night.  
b) Rod vision is relatively unaffected by red light. Rod cells predominate in the retinas of most 
nocturnal animals.  
c) Red light would seem ideal for use with the species of rodents whose eyes are not responsive 
to ‘red’ wavelengths at all, since to them, an environment illuminated with red light appears 
completely dark. 
d) Any hazards associated with exposure to blue light and long-term reduction of melatonin 
synthesis are avoided. 

However, there are also disadvantages to be considered: 
a) The use of any monochromatic light prevents vision of any other colours. Many species 
possess excellent colour vision, and are effectively deprived of its use, under red LEDs. 
b) Many humans find red lighting un-natural and unpleasant. 
 

3) The use of “white” LEDs, dimmed to moonlight levels, would appear to be the optimal solution 
for the following reasons: 

a) Natural white moonlight allows nocturnal colour vision in species which possess this 
capability. Some “white” LEDs emit most of the wavelengths found in natural moonlight and 
should therefore permit these species to discriminate between a wide range of colours, if not all.   
b) If the dimming is sufficient to eliminate colour vision in humans, visitors will perceive the 
result as similar to natural moonlight. This could be a very attractive feature. 
c) Although “white” LEDs will inevitably emit some shorter-wavelength (blue) light, and thus 
elicit rod cell and NIF responses, some “white” LEDs emit a smaller proportion of their light in 
these wavelengths than others. These may be chosen in preference to ones with a ‘bluer’ light, 
for minimal disruption of night vision and of circadian rhythms.  

The main disadvantages of “white” LEDs are as follows: 
a) Even natural bright moonlight has an effect upon the behaviour of many nocturnal species. If 
it is not possible to dim the LEDs sufficiently, there may be a suppression of activity, as with 
blue light. 
b) If it is not possible to dim the LEDs sufficiently, humans will retain full colour vision in the 
Nocturnal House, and will not experience an exciting “moonlight” scenario.  



 
 
Dimming and Flicker 
LED lamps typically operate on a low-voltage DC electrical supply provided from AC mains 
electricity via a transformer. Since the DC supply is constant, no flicker normally occurs. However, 
when LEDs are dimmed, there is a very high likelihood of flicker if the dimmer is a simple in- line 
dimmer switch applied to the AC mains supply. This is because the mains dimmers work by cutting 
off some of the AC power at 100Hz intervals. There is also some risk of a 100Hz flicker if a separately 
powered inline dimmer is used. These have their own independent power supply, but they still 
interrupt the AC waveform to dim (Beveridge 2013). 
A 100Hz flicker is too fast for it to be visible to humans, or to other mammals, reptiles or amphibians, 
so this simple dimming system should not cause problems when used with these species. However, 
many birds have a much higher critical flicker fusion frequency and would perceive the LEDs as 
flashing on and off, 100 times per second. There is some evidence that a 100Hz flicker is aversive and 
stressful to them (e.g., Evans et al, 2012). If a mixed-species exhibit contains birds, then the use of any 
lamp with a 100 Hz flicker is not desirable. 
 
Certain LED power supplies, primarily made in Europe, which have the dimming feature built in, 
however, will not flicker. These require specialised "constant current" LED fittings. A 1-10 volt (or a 
0-10V) DC signal controls the dimming level by limiting the current to the LED; its operation is 
flicker-free. The GDS BlueDome lamps have this type of dimming function, controlled by a signal 
from a main controller.  
Another type of controller can be used with "constant voltage" LED fittings. This dims the lamp by 
altering the on/off ratio of its DC power supply; however, the flicker is at a very high frequency 
(several KHz) and so the flicker is completely invisible to all animals and birds. (Beveridge 2013) 
 
Positioning of LED lamps 
Unlike filament lamps, LEDs do not give out light in all directions; light is emitted in a narrow, 
directional beam. This makes looking directly into any LED lamp very aversive, because of its 
extreme brightness. This brightness will also of course, temporarily greatly impair or destroy scotopic 
vision. For this reason all LED lamps should be mounted or hung directly above places where animals 
will be; they should never be mounted sideways at, or below, an animal's line of sight. Lamps may be 
shaded or recessed to prevent the bulb being viewed from the side. An animal should not be able to see 
directly into the lamp unless it deliberately looks up at it. 
LED lamps should also be fitted with a diffuser of some type, as well, to spread the illumination more 
evenly around the enclosure and reduce glare. The “opaque dome” used in this trial appears to be a 
successful design in this respect. 
Lighting on the human side of the enclosures must also be very subdued, and shaded or recessed so 
that the lamps are not directly visible from inside the enclosures. 
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