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Understanding the impact of light on, and how it is perceived by, farm animals is

crucial for the design of appropriate, high-welfare housing and management

conditions. By considering the animal’s visual needs and adaptive capabilities,

future housing and management can allow them to better express their natural

behavior. In the past, animal environments have been designed primarily to optimize

production output and adjusted to human needs. This emphasis has changed

toward a more animal-based focus. However, especially in farmed ungulates,

there is still limited knowledge about the impact of light parameters on their

physiology, performance, and behavior. This poses the risk of not appropriately

assessing the importance of these abilities when the animals interact with their

physical environment. Here, we provide an overview of the current state of research

on the impact of light parameters on farmed ungulates and their preferences for light

settings in themost common farmed ungulate species: pigs, sheep, goats, cattle and

horses. We focus on three specific light parameters: photoperiod, illumination, and

color. Secondly, we identify gaps of knowledge and emphasize their implications for

animal welfare and potential improvement of current animal husbandry

environments. There was considerable variation in the number of studies by

species and light parameters. A large focus of studies looked at illumination in pigs

and color perception in horses. Research on cattle, sheep and goats, seems to be

underrepresented in the literature. From a human perspective, we tend to

overestimate the importance of color perception and preference, whereas

contrast discrimination in combination with illumination intensity and quality

seems to be more relevant for ungulate orientation and interaction with their

environment. Aside from the importance of other senses and their interaction with

vision, we conclude that illumination and photoperiodicity seem to bemost relevant

for securing the welfare of farm ungulates. These aspects should therefore be given

more consideration in indoor housing improvements. Future research emphasis

should be given to preference testing studies, as they provide insights into the

animals’ motivation for specific light conditions that may further improve their

welfare, but also health and performance.
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1 Introduction

Animals’ senses are shaped by socio-ecological factors and play

a crucial role in an animal's interactions with its environment.

Animals’ perceptual abilities are adapted to the biology of the

animal and therefore are well adjusted to their natural

environment. Prey mammals, for example, often have eyes

located laterally on either side of the head offering a wide field of

vision to be able to scan their surroundings for predators (Piggins

and Phillips, 1996; Harman et al., 1999). Artificial environments, for

instance farm animal housing systems, however, differ from natural

environments and may not fit the animals’ perceptual adaptations.

Therefore, modern housing systems can be a source of stress for the

animal, for example through obstructed visibility, or suboptimal

light conditions, which in turn can affect their health parameters

(e.g., increased body lesions) and natural behavioral patterns (e.g.,

increased development of behavioral disorders or increase in

aggression) (Thornton, 2010; Butterworth, 2013). This emphasizes

the importance of having detailed knowledge on, and

understanding of, the perception and importance of light periods,

considering their duration, intensity, and color to allow natural

rhythmicity and species-specific interactions with their

environment and avoid exposing farmed animals to suboptimal

conditions. In this review, we therefore included the aspects of light

intensity (illumination) and color, but also photoperiodicity.

In many farm animals (e.g., cattle, sheep, goats, horses), vision

plays a key role when animals collect information about their

surrounding environment (Baldwin, 1981; Piggins and Phillips,

1996), during individual recognition (e.g., Briefer et al., 2012;

Coulon et al., 2007; Hagen and Broom, 2003; Kendrick et al.,

1995), and foraging decisions (Bazely and Ensor, 1989). Vision is

one of the most studied senses in domestic mammals [unlike other

senses such as olfaction (Nielsen et al., 2015)] - probably due to an

anthropomorphic bias, as vision is the dominant sensory modality

for humans. Research on visual abilities has, however, been

conducted with an imbalance of studies across species.

Furthermore, these lines of studies are typically done within

species, and comparison of knowledge about ungulate farm

animals’ visual abilities have not been attempted. Yet, it may yield

a basis for elucidating implications for their welfare under

commercial settings.

The first aim of this literature review is to provide an overview

of the state of research conducted on pig, sheep, goat, cattle, and

horse visual abilities and the role of light, as well as their species-

specific preferences, by focusing on three distinct light parameters

that affect vision: photoperiod, illumination, and color. The focus

on these specific parameters is chosen as they can easily be

artificially altered in farm animal housing systems (Figure 1).

Secondly, the review aims to identify gaps in knowledge and

thirdly to discuss their implications on the animals’ welfare in the

current and future housing systems. Within this, we additionally

aim to provide directions for future research that may contribute to

our understanding of ungulate farm animals’ visual perception and

how future housing systems and management routines could be

better adapted to form high-welfare systems in the future.
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2 Visual abilities of domestic
ungulate species

Domestic ungulates (in particular herbivorous ones, e.g., sheep,

goats, cattle, horses) are well adapted to life in open habitats, such as

grasslands. The eyes of ungulates are prominent and laterally

positioned on either side of the head (Blackshaw et al., 1983;

Phillips, 1993). This arrangement offers a wide monocular field of

vision, estimated to be 290 – 313° in sheep (Piggins and Phillips, 1996;

Kendrick, 2008); 320 – 340° in goats (Piggins and Phillips, 1996);

around 330° in cattle (Dimberton, 1999); and 315 – 335° in horses

(Timney and Macuda, 2001) with a narrow blind zone at the rear.

Themonocular field of pigs, whose eyes are less laterally positioned, is

still estimated to be around 310° in (Prince, 1977). The large

monocular field of vision allows for scanning large horizontal areas

and has likely been beneficial for predator detection. In addition to

the large monocular field of vision, ungulates also have a small

binocular field of vision [35–50° for pigs (Dalmau et al., 2009); 40 –

60° for sheep (Kendrick, 2008); 20 – 60° for goats (Walls, 1942;

Hughes and Whitteridge, 1973); 25 – 50° for cattle (Blackshaw et al.,

1983); and 55 – 65° for horses (Timney and Macuda, 2001)], which

offers a limited stereoscopic vision (i.e., the ability of the brain to

combine visual information from both eyes to create a clear three-

dimensional image) right in front of them. This means that these

species have difficulties perceiving depth and three-dimensional

structures (Grandin, 1980; Blackshaw et al., 1983), except for

horses who possess true stereopsis (Timney and Keil, 1999) albeit

within a limited visual field. Although cattle, sheep and goats cannot

assess distance accurately, they have high motion detection (Shrader

et al., 2008; Adamczyk et al., 2015). Horses, too, are sensitive to

motion, especially when detected in the peripheral visual field.

Moreover, most ungulates have astigmatism (i.e., blurred vision

both up close and at a distance) and no accommodation (i.e., the

ability of the eye to automatically adjust to objects at different

distances), and thus a relatively poor visual acuity (Johnson, 1901;

Piggins and Phillips, 1996; Adamczyk et al., 2015).

Visual input is important for orientation in space, recognition

of flock members and identification of dangers (in combination

with hearing) (Blackshaw et al., 1983; Adamczyk et al., 2015). For

instance, cattle use vision for foraging and social recognition

(Cummins and Myers, 1991; Nawroth et al., 2019), while sheep,

goats, and horses also utilize sight to navigate their environment

(Culda and Stermin, 2019; Rørvang et al., 2020) and communicate

with conspecifics. Pigs are known to have a poor ability to

distinguish details and shapes (Zonderland et al., 2008) and do

not primarily rely on their visual abilities.

With regard to vision in ungulates per se, these species have two

major types of photoreceptors: rods, which is the primary

component of the retina and function under low light intensities;

and cones, which function in bright light and provide a better visual

acuity (i.e., the ability to detect and discriminate details of an object

from a given distance) as well as color sensitivity (Greeff, 1894;

Braekevelt, 1983). Both photoreceptors have been identified in the

retina of horses, cattle, sheep and pigs (Zurn, 1902). The rod-to-

cone ratio is 30-40:1 for sheep (Braekevelt, 1983), 20:1 for horses
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(Wouters and De Moor, 1979), 8:1 on average for pigs (ranging

from 3:1 centrally to 16:1 peripherally) (Chandler et al., 1999) and

2-6:1 for cattle (Gilbert and Arave, 1986). Ungulates’ visual system

is thus adapted to both photopic (i.e., daylight light intensity vision)

and scotopic (i.e., low light vision) conditions (Graf, 1976; Tanida

et al., 1991; Ollivier et al., 2004; Hanggi and Ingersoll, 2009; Murphy

et al., 2009). In particular, sheep, goats and horses have horizontally

elongated slit-shaped pupils (i.e., the pupils can rotate to remain

horizontal and allow a greater range of light control), which allow

them a clear and sharp horizontal panoramic view all around them

while foraging (Banks et al., 2015), as well as a tapetum lucidum, i.e.,

a light-reflective tissue in the back of the retina (also present in

cows). This tissue allows for greater absorption of the light entering

the eye (Land, 2006), resulting in good achromatic vision (i.e., low

light to night vision), which is thought to aid in the detection of

predators (Jacobs et al., 1998; Ollivier et al., 2004; Roth et al., 2008).

Pigs have circular (to sightly horizontally oval) pupils and no

tapetum (Vestre, 1984; Banks et al., 2015). Besides their ability to

see at different light levels, ungulates are also able to perceive colors.

Color vision in ungulates is associated with the presence of two

spectrally distinct cone types, one sensitive to short wavelengths

(440 – 451 nm; S-cones) and the other to middle to long

wavelengths (552 – 557 nm; M/L-cones) (Neitz and Jacobs, 1989;

Jacobs et al., 1998; Lomas et al., 1998; Carroll et al., 2001). The
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presence of these cone types provides the basis for dichromate color

vision and enables these animals to perceive blue and yellow to

green spectra (Jacobs et al., 1998). Dichromatic vision has

advantages for motion detection over trichromatic vision

(Kendrick, 2008), and is therefore vital for prey animals.

These above descripted characteristics of the visual system, that

partly vary among domesticated ungulates, suggest that they

perceive their environment differently, which implies a need for

species-specific adaptations when ungulates are housed in artificial

farm environments. The following sections will refer to three

selected light parameters that influence such indoor farm animal

environments, namely photoperiod (i.e. light duration),

illumination (i.e. light intensity) and color (i.e. colors and colored

light). For this narrative review, we identified peer-reviewed studies

published, or in press and available online, with no specific date

limit but until November 11th 2024, by searching the Web of

Science (http://www.webofknowledge.com) using the key word

combination ‘(animal AND visual perception)’, as well as

replaced within this combination the key word ‘animal’ by the

species, i.e. ‘pig’ OR ‘swine’, OR ‘sheep’, OR ‘goat’, OR ‘cattle’ OR

‘cow’ OR ‘calf’, OR ‘horse’. We used additional searches consisting

of the following key word combinations: ‘(illumination AND

‘species’)’, ‘(color vision AND ‘species’)’, ‘(light color AND

‘species’)’, and ‘(colored light AND ‘species’). Only studies that
FIGURE 1

Schematic overview of how the considered light parameters: photoperiod, illumination and color, may affect the considered five production
ungulate species: pigs, sheep, goats, cattle and horses. The photoperiod refers to the relative length the animal is exposed to light and dark
measured for a 24h period, and is linked to the circadian rhythm of the animal. Illumination is a measure of the incident light an animal (or object) is
exposed to. Color refers to colors in the environment of the considered species, which depends heavily on the color vision abilities of each species.
All three topics may influence the behavior, welfare and physiology of the considered species, which is illustrated by the collective bracket pointing
toward the bottom factors. Drawn by M. V. Rørvang using Biorender.com (publication license obtained) in combination with Power Point.
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concerned the targeted farmed ungulate species (i.e. cattle, sheep,

goat, pig and horse) and foci (sorted according to perception,

physiological performance, and behavior) were considered.

Review studies’ cited references were checked for additional

potential missed studies. In addition, we checked for grey

literature on the web search engine and various databases. A table

with selected relevant studies is available as Supplementary

Material. After reviewing the state of research for each species

and for each parameter, we provide the main implications for

housing and welfare and future directions.
2.1 Photoperiod

Photoperiod is linked to the circadian rhythm of the animal and

is defined as the relative length the animal is exposed to light and

dark measured for a 24h period (American Heritage Dictionary of

the English Language, 2016). This light-dark-ratio is important to

maintain the animal’s welfare because it plays a crucial role in

biological functions, such as hormonal secretions and the

maintenance of homeostasis during the daily cycles of light and

darkness (Hastings et al., 2003). As reviewed by Ungerfeld and Bielli

(2012), seasonal variations in photoperiod length substantially

influence reproductive function and behavior in mammals, even

under artificial indoor housing conditions. Here we examine the

known importance of photoperiodicity on the production,

reproduction, behavior and welfare of domestic pigs, sheep and

goats, cattle and horses.

2.1.1 Pigs
Photoperiodicity appears to play an important role for pigs,

particularly in relation to food intake (Weiler et al., 1996), sexual

maturity (Claus and Weiler, 1985; Andersson, 2000), and resting

behavior (Baldwin and Start, 1985; Ni et al., 2017). In Europe, it is

legally required to provide pigs under artificial housing with lighting

(at least 40 lux) for at least 8 consecutive hours a day (Council of the

European Union, 2008), although these precise recommendations are

based on little scientific evidence. A study on nursing sows and their

litters found that a photoperiod of 16h compared to less than 1h per

day led to greater weight gain in the suckling piglets (Stevenson et al.,

1983). This contrasts the findings of McGlone et al. (1988), who

found that a change in the photoperiod from 1 to 16h did not affect

weight gain in suckling piglets, but a photoperiod of only 1h

combined with temperatures of around 30°C caused heat stress and

a greater lactation weight loss in the sows (McGlone et al., 1988).

Similarly, Zeng et al. (2023) revealed that an elongated daily

photoperiod from 8h to 10h did not affect piglets’ growth

parameters (i.e. average daily feed intake and weight gain), blood

serum parameters (e.g., immunoglobin A or G), and excretion or

drinking behavior. However, lying behavior in piglets was 15.48%

higher when they were exposed to 10h light at 5-20 lux compared to

piglets exposed only to 8h light per day at 5-20 lux (Zeng et al., 2023).

In growing pigs a photoperiod of 14h and 16h compared to 8h

(even at relatively low illumination levels of 40 lux) improved

growth parameters (i.e. daily weight gain), ham nutritional
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quality, and resting time, as well as reduced abnormal behaviors

(Martelli et al., 2005, 2015). Fredriksen et al. (2006) found that a

reduction of the photoperiod from 13h to 11h and 8h, under

medium illumination levels of 60 lux, lead to an increase of

aggressive behaviors from around 25% to 45%, respectively (in

entire male pigs from weaning to slaughter). In contrast, an increase

of the photoperiod from 14h to 18h at higher illuminances (440 lux)

did neither reduce nor increase aggressive behaviors in those pigs

(Fredriksen et al., 2006). Recently, Wallgren et al. (2024) reported

that day length influences tail biting events in growing pigs. During

months with longer light periods (April – September), pigs showed

fewer tail injuries than during months with shorter light periods

(October – March).

Even though the above-mentioned studies lack some degree of

comparability as they used different illumination levels, the results

indicate that pigs exposed to longer lighting periods attained a

higher degree of welfare. Nevertheless, several studies showed that

pigs prefer darkness for sleep (Baldwin and Start, 1985; Taylor et al.,

2006; Götz et al., 2022).

2.1.2 Sheep and goats
Photoperiodicity is highly relevant for small ruminants of the

temperate zone, as they are seasonal and short-day breeders

(Chemineau et al., 1992; Thiéry et al., 2002; Duarte et al., 2010);

thus, their reproductive behavior and their lactation performance

are heavily influenced by daylight intensity and the light-dark-ratio.

Therefore, in artificial husbandry environments, a change of the

natural light-dark-ratio may affect the reproduction cycle of these

animals. Despite this knowledge, there are no official husbandry

regulations for the design of the photoperiod in indoor-housed

goats and sheep.

In an experimental setup, Delgadillo et al. (2002, 2004) showed

that it is possible to break the seasonal anestrus in goats under

artificial light conditions by shortening the day length, i.e. these

female goats can be mated with males exposed to artificially long days

for 2.5 months for breeding against the natural day length. Studies

from practice recommend a minimum of 16h light per day (with a

light intensity of 200 lux at eye level) for a minimum of 45 days to

extend the breeding season (Dalton, 2017). However, goats exposed

to a long daily photoperiod (20h light) often showed pseudo-

pregnancies (Garcia-Hernandez et al., 2007). Interestingly, exposure

of bucks to a long photoperiod in winter can be beneficial to

reestablish estrus cycles in an ovulatory doe (Rivas-Muñoz

et al., 2010).

There are a few studies that focus on the relationship between

photoperiod, physiology and performance. For both sheep (Pollott

and Gootwine, 2004; Morrissey et al., 2008) and goats (Garcia-

Hernandez et al., 2007; Véliz et al., 2009; Russo et al., 2013), an

elongated photoperiod positively affects milk yield. While studies on

sheep revealed varying optimal light periods, studies on goats

showed that an elongation of the light period up to 16h or more

resulted in an increase in milk yield up to a 20% (Véliz et al., 2009;

Garcia-Hernandez et al., 2007), with the greatest response occurring

in late-lactating animals (Russo et al., 2013). However, the increase

in milk yield could also be attributed as a secondary effect of
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increased feed intake due to the extended photoperiod (Bocquier

et al., 1990). Whether exposure to an artificial long-day

photoperiod, with or without nutritional supplement, increases

milk production in subtropical goats kept under extensive grazing

conditions was investigated in a study by Flores et al. (2015). They

found a higher mean milk yield in goats exposed to a long-day

photoperiod (16 h) compared to goats exposed to a natural

photoperiod (11 h). This difference in the mean milk yield was

greater in goats that were given a nutritional supplement. Changes

in the photoperiod has been shown to impact feed intake and

ingestive behavior of sheep studied from October to April, in

Belgium (Fischer et al., 1997). Light appears to be an important

factor in regulating the feeding behavior of sheep (Schanbacher and

Crouse, 1981). In sheep, it was found that a 12h photoperiod

compared to 8h and 16h, respectively, increased daily dry matter

intake and weight gain (Casamassima et al., 1990). A study on goat

kids born in autumn in the subtropics found that artificial long days

promote a high body weight during early growth phase (Flores et al.,

2015, 2018).

In addition to milk yield, changes in milk content due to

prolonged photoperiod have also been reported. Goats exposed to

a long day photoperiod showed a decrease in milk fat, milk protein,

milk solids, but a slightly higher milk lactose percentage, when

compared to animals kept under normal photoperiod (Russo et al.,

2013). Similarly, milk protein was found to be reduced when ewes

were subjected to 15.5h of light compared to 8.5h (Bocquier et al.,

1990) and a reduction in milk fat was reported for sheep under a

16:8 light-dark-cycle. All these results provide strong support for

the use of alterations in the photoperiod as an effective, non-

invasive method to enhance milk production in sheep and goats.

Nevertheless, the potential effects of these long light periods on

sheep and goats’ welfare have not yet been investigated.

In small ruminants, most, but not all, activity is concentrated in

the light phase. Daily motor activity is lowest for goats during

winter months (Piccione et al., 2008), although other factors

associated with season should be considered. Rumination is also

affected by the light-dark-cycle – when light periods dominate over

the day, rumination is increased during light phases, while no such

differences have been found when dark periods dominate the cycle

(Oshiro et al., 1996). To our knowledge, no studies have yet been

conducted on other behavioral changes, e.g., altered social behavior

or increased aggression behavior as a result of the altered light-dark-

cycle. Such studies are necessary before recommending changes in

the housing systems of these animals.

2.1.3 Cattle
Cattle, like other bovines, are diurnal animals. Cattle probably

distinguish both rate of change and actual photoperiod (Phillips,

2002). After Dahl et al. (2000) reviewed the photoperiodic effects on

dairy cattle, Dahl and Petitclerc (2003) proposed an optimal

photoperiod for adult dairy cows of 16 to 18h light per day.

Several studies of the late 20th century already pointed out the

positive effect of light on cow behaviors, reproduction [although

cattle are not seasonal breeders; reviewed by Dahl et al. (2000)],

milk production and hormone levels (Dahl et al., 2012). In two early
Frontiers in Animal Science 05
studies, Peters et al. (1978, 1981) have demonstrated that

supplementing cows with artificial light up to 16h of light (i.e.

long day simulation) increases milk yield by around 7%. Similar

results were also found in later studies (e.g., Bilodeau et al., 1989;

Evans and Hacker, 1989; Miller et al., 1999; Reksen et al., 1999;

Hjalmarsson et al., 2014; Lim et al., 2021), which seem to show the

advantages of long light periods for the physiological performance

of dairy cows. Similarly, Osborne et al. (2007) and de Almeida et al.

(2015) found that supplementing 8 weeks old dairy calves up to 18

to 20h light (i.e. long-day photoperiods) stimulated their feed

consumption and weight gain compared with calves with short-

day photoperiods (i.e. 10 to 12h light). However, while long light

periods probably have an indirect positive effect on performance

(e.g., by acting on feed and water intake, rest and rumination),

potential negative effects on animal welfare have not yet

been investigated.

Studies on behavioral responses to changes in the light-dark-

ratio revealed that the provision of supplementary light for up to

18h per day resulted in reduced agonistic behaviors in calves and

further decreased their activity levels (Weiguo and Phillips, 1991).

In the same study, it was also shown that calves with free choice to

spend either time in an illuminated or a darkened area, spent more

time in the illuminated area, which additionally led to an increase in

their lying time. Similarly, supplementary light (mean intensity of

481 lux) reduced daily activity levels and increased lying time in

dairy cows (Phillips and Schofield, 1989). More recently, it was

shown that daily activity levels and lying time of dairy cows seem to

be unaffected by a change in photoperiod (Andersson, 2012;

Bernhart et al., 2018). However, it was shown that a reduction of

the photoperiod from 18h and 16h to 13h led to a shift in the

activity levels and lying behavior during the evening (activity peak

was 3h earlier with 13h photoperiod) (Bernhart et al., 2018). In

another study, it was shown that the provision of additional light

during the night (11, 33 and 74 lux) did not affect dairy cows’

activity level during this period (Hjalmarsson et al., 2014).

Nevertheless, milking frequencies increased when the provided

light had an illuminance of 33 lux compared to 11 and 74 lux

(Hjalmarsson et al., 2014). The findings of some of the studies

discussed here suggest that manipulating the light-dark-ratio might

influence cattle behavior to some extent. Overall, these insights

contribute to our understanding of how light management can be a

valuable factor in optimizing the welfare and productivity of

dairy animals.

2.1.4 Horses
Under natural conditions, horses are diurnal animals.

Therefore, it seems plausible that their higher activity levels occur

during light periods (Berger et al., 1999). In domesticated horses, it

has been shown that this diurnal pattern persists (Mayes and

Duncan, 1986; Piccione et al., 2005; Bertolucci et al., 2008). For

example, feeding behavior in horses is observed during light

periods, throughout the day, but mostly directly after dawn and

before dusk (Mayes and Duncan, 1986). In another study, it was

suggested that the highest activity levels occur during springtime,

when the natural photoperiod is around 13h per day, while the
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lowest activity patterns occurred during winter, when the

photoperiod is less than 13h per day (Bertolucci et al., 2008).

Surprisingly, in autumn when the photoperiod is comparable to

that in spring, the activity levels remain more or less comparable.

The authors suggested that an increase of the photoperiod in spring

in combination with an increase in temperatures may be the cause

of these increased activity levels (Bertolucci et al., 2008). Later in

2010, however, a study found that horses have endogenous

circadian regulation of muscle function, which means that

although horses are affected by external factors such as human

activity, they are still influenced endogenously by their natural,

internal 24-hours clock (Martin et al., 2010). As a result of this,

horse training which follows the light hours of the day or even

mimics the diurnal rhythm of horses, have been recommended

(Murphy, 2019). It may even be possible to manipulate diurnal

rhythms or seasonality in horses by use of, for instance, blue light, to

stimulate estrus in anestrus mares (Murphy et al., 2014). Murphy

et al. (2014) showed that the reproductive period of mares could be

advanced using low-level blue light administered to just one eye

from head-worn light mask and that this method was as effective as

keeping mares indoors under artificial lighting. These studies

collectively show that, although more research on the topic is

needed, the photoperiod affects horses, and more research should

focus on how circadian rhythms influence physiological and

behavioral processes which should be considered when scheduling

feeding, training, and resting times in order to optimize welfare.

2.1.5 Implications for housing and welfare
Housing designs and management routines for farmed

ungulates should consider photoperiodicity to allow the animals

to exhibit their natural daily rhythms for various activities and rest.

Photoperiodicity and illumination intensity seem to be strongly

inter-correlated and should therefore both be taken into account

when studying effects on behavior, welfare and performance.

For pigs: Research on photoperiod is underrepresented in the

literature. For suckling pigs, we only found two peer-reviewed

papers, both from the 1980th. While in the paper of McGlone

et al. (1988), a photoperiod of 16h did not positively affect piglets

weight gain, the opposite was found by Stevenson et al. (1983). This

emphasizes the need for more research on suckling piglets including

farrowing sows. For weaned piglets and growing/finishing pigs, an

elongated photoperiod seems to be more effective. Lying behavior

increases already at a photoperiod of 10h, while aggressive

behaviors decrease with a photoperiod of 13h. A photoperiod of

more than 14h leads to greater weight gain and a greater ham

nutrition rate (Martelli et al., 2005, 2015). Even though the studies

used varying photoperiods, one can notice that a photoperiod of 8h

as requested by the Council of the European Union (2008) does not

seem satisfactory for pig’s growth parameters and behavioral

performances. This emphasizes the need for a well-regulated

light-dark-ratio, with at least more than 10h of light, to fulfill the

pigs’ needs according to their age, and physiological as well as

reproductive stage. However, more research under controlled

conditions is necessary to draw conclusive assumptions on the

impact of photoperiod on welfare and productivity metrics.
Frontiers in Animal Science 06
For sheep and goats: Seasonal breeding sheep and goats are

short-day breeders. Photoperiodicity, whether natural or artificial,

should therefore enable undisturbed seasonal reproductive

behavior. Other than reproductive function and productivity,

there seems to be a lack of scientific publications (and,

consequently, of potential recommendations) on the impact of

varying light-dark-cycles on the performance of specific behaviors

such as socio-positive play and comfort behaviors that are explicitly

relevant for their welfare.

For cattle: Cattle seem to be less affected in their daily activity

patterns by variations in light regimen. Nevertheless, long light

periods of up to 16 hours support milk production in dairy cows,

while long-day photoperiod increases feed consumption and weight

gain in dairy calves. It however remains unclear if artificially raising

milk production causes concerns for the welfare of the cows, which

should thus be a future research focus.

For horses: Housing facilities that allow daylight to enter the

building and enable horses to follow their natural circadian rhythm

would be beneficial. Likewise, horse training and stable activities

should follow the natural light conditions to enable horses to

synchronize their equine circadian rhythm to being active.

Activities during dark hours should be minimized to safeguard

horse welfare and optimize training outcomes, but the exact impact

of equine activities during dark hours remains unexplored and

should be a future focal point.
2.2 Illumination

Illumination is a measure of the incident light an animal (or

object) is exposed to (American Heritage Dictionary of the English

Language, 2016). Recent studies focused on illumination levels (also

called illuminances or light intensities; indicated in lux) or on light

color temperatures (indicated in kelvin; Table 1). The level of

illuminance (lux) per se may not accurately reflect the actual light

intensity perceived by the eye of an animal, as this depends on

surface characteristics (such as floors) from which light is reflected

before it enters the eye of an individual. As emphasized by Werner

et al. (2018), measuring the actual light density (candela per m2)

seems to be essential for contrast vision assessment in farm

buildings, which is relevant for undisturbed movement, and to

distinguish installations such as feeders and barriers. In this section,

we review the recommendations and knowledge of the effect of

illumination on indoor-housed farmed ungulates.

2.2.1 Pigs
As mentioned above, it is recommended that pigs under

artificial light receive at least 40 lux (Council of the European

Union, 2008; Hirt et al., 2020) and 5 to 20 foot-candles (i.e. 50 to

215 lux) in the USA (National Pork Board, 2018) over an 8h light

period per day. Illumination levels (intensity) can affect pigs and

influence their body condition and behavior. For example,

miniature pigs that were kept continuously under 2500 lux for

over 1 month developed retinal damage and showed reduced

pupillary reflex (Dureau et al., 1996). Similarly, it was found
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recently that pigs kept under high light intensities of 968 lux

developed conjunctivitis more often than pigs kept in pens with

illumination gradients ranging from 71 to 330 lux (Scaillierez et al.,

2024). However, variations in light intensity do not affect piglets’

survival and development per se (Mutton, 1987; Zeng et al., 2023).

Zeng et al. (2023) investigated whether different light intensities

lead to behavioral changes, and found that abnormal behaviors (e.g.,

fighting, biting railings, and tail biting) in weaned piglets were twice

as high when they were kept under a light intensity of 5 - 20 lux

compared to piglets kept under 40 - 50 lux. However, it must be

mentioned that the total rate of abnormal behaviors in the group

kept under 5 - 20 lux did not exceed 7% (Zeng et al., 2023). A higher

illumination rate (40 - 50 lux compared to 5 - 20 lux) also increased

resting time in piglets; at least when they were exposed to 8h light

per day (Zeng et al., 2023). For growing pigs, it was found that a

light intensity of 80 lux reduced aggressive behaviors in comparison

to pigs kept under 40 lux (Martelli et al., 2010). In another study,

medium levels of illumination (60 lux) provided exclusively as

artificial light, resulted in high percentages of aggressive behaviors

in entire male pigs (observed from weaning to slaughter) when

compared to illuminations of 440 lux (Fredriksen et al., 2006). This

result has to be interpreted with caution as the 440 lux were

provided by a combination of daylight through the windows and

artificial light. Simulation of intense outdoor light conditions of 600

lux in a controlled laboratory setup for growing pigs indicated that a

daylight intensity of 600 lux affected behavioral activities (indirectly

measured) that are associated with increased skin lesion scores

(Zheng et al., 2015). In contrast, independently from light intensity,

body core temperature pattern followed the same biphasic diurnal

activity rhythm as seen in other behavioral studies with pigs (Zheng

et al., 2015). A new study by Scaillierez et al. (2024) found that

growing pigs of around 14 weeks of age displayed more negative

social interactions when exposed to either low (45 lux) or high (968

lux) light intensities compared to medium (198 lux) light intensities.

Light intensities impinged abnormal behaviors only at pigs’ age of

around 18 weeks, with fewer abnormal behaviors in the groups kept

under 198 lux compared to 45 lux (Scaillierez et al., 2024).

Abnormal behaviors were also less frequent in pigs kept in a pen

with light gradients (71 – 330 lux). When pigs were around 20
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weeks of age, they showed more exploratory behavior when exposed

to light intensities of 198 lux compared to pigs that were kept under

45 lux (Scaillierez et al., 2024). The results of Scaillierez et al. (2024)

suggest that light intensities influence behavior differently at

different ages, but there was no consistency between the observed

behaviors and the illumination level. Hence, it remains difficult to

make detailed recommendations about adequate lighting of indoor

housing systems.

Glatz (2001) reported on sex differences in aggressive behavior

of piglets, kept under similar light conditions before and after

weaning, due to variations in light color temperatures. While

male piglets showed more incidences of fighting under TP/PR

light (i.e. Triphosphor (TP) lighting to simulate daylight during

the day and Pascal red (PR) lighting during the night) compared to

conventional cool-white light during the day only, the opposite was

observed in female piglets (Glatz, 2001). Independent of sex, the

provision of additional PR light during the night led to poorer body

integument conditions (ear, neck and genitals were the body areas

that were affected most) in the piglets (Glatz, 2001). It was, however,

also shown that the TP/PR illuminated piglets increased their feed

intake during the first experimental week. Hence, the study showed

that the TP/PR light provision had some advantages but also that

the red-light color temperature was disadvantageous in rearing

barns. Another study analyzed tail injuries in growing pigs kept

either in pens with standard fluorescent tubes with an invisible

flickering light of 30 – 40% for 14h daily or non-flickering LED light

for 14h daily (Wallgren et al., 2024). The authors found significantly

more tail injuries in the first mentioned group (Wallgren et al.,

2024). Hence, additional research in this area needs to be conducted

to investigate the optimal light color temperatures, which also relate

to the respective ontogenetic developmental stages of pigs.

In addition to studies with fixed illumination levels, several

studies investigated pigs’ preferences for different illuminances but

came to conflicting results. Tanida et al. (1996) found that suckling

piglets of 1 week of age actively moved toward bright areas and

away from dark areas, while Baldwin and Start (1985) and Andersen

et al. (2000) found that weaned pigs preferred dimmed lighting (10

lux or 2.5 lux) compared to bright lighting (110 lux or 90 lux) or

complete darkness. In contrast, Taylor et al. (2006) found that
TABLE 1 Relevant lighting and vision parameters, definitions and units [adapted from Werner et al. (2018)].

Relevant lighting
parameters

Definition Unit

Color temperature A scale that determines how ‘warm’ (yellow) or ‘cool’ (blue) a light source is perceived Kelvin [K]

Flicker light Refers to a repeated and frequent variation in the output of a light source over time. Threshold of
perception depends on frequency of light waves

Electromagnetic frequency
Hertz [Hz]

Illuminance Proportion of luminous flux that hits a defined area Lumen/m2 = Lux [lx]

Light color Light comprises various electromagnetic wavelengths relating to colors with a visible spectrum ranging
in humans from red at 700 nm to violet at 400 nm

Nanometers [nm] (and
frequency in Hertz [Hz])

Light duration Photoperiod = time of each 24h-day during which illumination is perceived Time [h/day]

Luminance density Brightness impression of light reflected/transmitted from an area as perceived by the eye Candela per square meter
[cd/m2]

Luminous flux Amount of light emitted evenly in all directions Lumen [lm]
frontiersin.org

https://doi.org/10.3389/fanim.2024.1433181
https://www.frontiersin.org/journals/animal-science
https://www.frontiersin.org


Stuhlträger et al. 10.3389/fanim.2024.1433181
weaned piglets only preferred a dim illumination (around 2.4 lux or

less) for resting: they spent 78.7% of their resting time in those

compartments with the lowest illumination. Nevertheless, the

animals used all the provided compartments during this

experiment (4, 40 and 400 lux) and used compartments

illuminated with 40 and 400 lux significantly more for defecation,

while other behaviors such as drinking, eating and playing were not

influenced by the illuminance. The fact that, for example, eating was

independent of illumination levels concur with other studies which

found that foraging in pigs is mainly driven by olfactory and tactile

senses (e.g., Nowicki and Klocek, 2012). Götz et al. (2022)

investigated the preference of weaned piglets for compartments

illuminated with 600 lux vs. dark compartments. They found that

illumination preferences change with age and partly depend on the

performed behavior of the piglets. At an age of 4 weeks, piglets

clearly preferred the lighted compartment for all behaviors. This

agrees with findings of Tanida et al. (1996). However, in the Götz

et al. (2022) study, when piglets reached 5 weeks of age, they

preferred to stay mostly in the dark compartments except during

midday where pigs increased the time spent in the lighted

compartments eating or being active (Götz et al., 2022). Both the

studies of Taylor et al. (2006) and Götz et al. (2022) indicate that

pigs should have access to darkened areas, which can be provided

either temporally or spatially. A spatial provision might be more

attractive for pigs because this gives them the possibility to freely

choose between compartments according to the performed

behavior, e.g., leaving the darkened compartment for defecation.

Such a spatial separation would also be beneficial for the farmers

because it would simplify the cleaning of the barn.

In addition to preferences for illumination levels, pigs seem to

show preferences for specific light color temperatures. A recent

study revealed that weaned piglets first preferred a color

temperature of 3000 K at 4 weeks of age just after weaning,

before this preference decreased over time (Götz et al., 2020).

Piglets of 6 weeks of age preferred the 3000 K color temperature

for resting only while they preferred the 6500 K color temperature

for defecation. By the age of 8 weeks, they additionally preferred

6500 K during feeding (Götz et al., 2020). This study therefore

shows that pigs are able to discriminate between light color

temperatures of 3000 K and 6500 K, and that their preferences

for specific color temperatures seem to depend on their age and

performed behaviors.

2.2.2 Sheep and goats
Recommendations for specific illuminances for sheep and goat

housing are rare. For example, Berge (1997) recommends an

illumination level of 75 to 100 lux in sheep barns. Casamassima

et al. (1993) found that a light intensity of 100 lux could lead to an

increase in the time sheep spent standing, which could be related to

the sheep being less relaxed. Very low light intensities of 10 lux were

shown to reduce the time spent eating and increase abnormal

behaviors. Meanwhile, light intensities of 1000 lux resulted in

hyperactive behaviors in lambs (Casamassima et al., 1993). In

sheep (and pigs), elimination of shadows seems to also facilitate

movement (Grandin, 1979). A German magazine for sheep and
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goat husbandry recommends providing a window area of 3% of the

barn floor area to allow natural light to enter (Mösenbacher-

Molterer, 2018). According to the legal requirements in Germany,

the minimum light intensity in the animal area is 40 lux. However,

for optimum utilization of productivity, the authors recommend

raising this value to 200 lux (Mösenbacher-Molterer, 2018). This is

in line with the illumination of 220 lux in sheep and goat husbandry

systems recommended by the MidWest Plan Service [MidWest

Plan Service (1994) cited by Thonney et al. (2020)].

There is a lack of studies on illumination preferences, making it

challenging to draw conclusions about the optimal illumination

levels for goats or sheep in husbandry environments. In one of the

very few studies assessing illumination preferences in small

ruminants, sheep were placed in a dark chamber and had the

possibility to turn on the lights by interrupting an infrared beam.

The results showed that the sheep had a strong motivation to press

the beam switch with their muzzles rewarding them with light,

which can be interpreted as a preference for light over darkness

(Baldwin and Start, 1981). To our knowledge, no studies on

perception, behavior or preferences related to light color

temperatures and its effect on physiological parameters or welfare

have been conducted yet for these species.

2.2.3 Cattle
The visual system of cattle is sensitive to motion and contrasts

of light and dark (Grandin, 2007). Calves are able to discriminate

different light intensities but to a lesser extent than humans (Phillips

and Weiguo, 1991). German regulations have, for instance,

specified that calves must be kept at a light intensity of at least 80

lux (TierSchNutztV14, 2021). However, studies on illumination

within cattle barns are underrepresented in the scientific literature.

Phillips and Schofield (1989) investigated whether 10h

supplementary light with intensities of 0, 101, 191, or 529 lux,

provided in addition to a 9h natural daylight, influenced

physiological performance of lactating cows. They found that

both a light intensity of 101 or 529 lux led to a decrease in milk

fat concentration, while feed intake and milk yield were unaffected

by light intensities (Phillips and Schofield, 1989). In contrast, Lim

et al. (2021) observed an increase in milk fat concentration but not

in milk yield in dairy cows illuminated during 16h light with 100 lux

vs. a lower or higher light intensity (i.e. 50 and 200 lux). A

comparison of LED illumination (short-wave light) and sodium-

vapor illumination (long-wave light) on the behavior of dairy cows

revealed that the first treatment had several advantages (Bernhart

et al., 2018). Cows that were exposed to LED light increased their

daily lying time. The lying time again increased with an illuminance

of 80 lux, which was especially visible during noon, while activity

levels increased when an illuminance of 150 lux was used (Bernhart

et al., 2018). Dannenmann et al. (1985) examined the influence of

light intensity (8 h/day of artificial light at 2, 20, 100 vs. 130 lux) on

the behavior of calves and found that the higher the intensity, the

more feeding and social behaviors occurred, while the reverse

happened for resting behavior. Lindkvist et al. (2023) later

observed that light uniformity may affect locomotion in cows. In

particular, medium intensity, non-uniform red light (i.e., an average
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of 4 lux at a uniformity of 0.1 µmol.m-2.s-1 and a wavelength around

650 nm) affected the speed of pregnant non-lactating cows when

navigating through an obstacle course. Also, in loose-housing

systems, darkness did not seem to affect cows’ locomotion

(Lindkvist et al., 2023).

Recent practical studies with LED bulbs in dairy barns indicate

that light color temperatures adapted for specific areas such as the

milking parlor (5000 to 6000 Kelvin) may enhance visibility and

motivation to visit these specific areas (Werner et al., 2018).

Practical recommendations for dairy cows refer to an illumination

level of at least 150 lux for all areas of a barn during daylight and less

than 10 lux during nighttime. Sudden changes of illumination levels

within the barn should be avoided, due to the slow adaptation of the

cattle pupil to different light conditions (Ryba and Uhl, 1989). In

cattle, the light-dark adaptation and vice versa takes about 4 - 5

times longer than in humans (Bayerische Landesanstalt für

Landwirtschaft, 2012). Thus, moving cattle into sudden bright

light or dark areas, for example from the barn to the milking

parlor and back, could lead to fearful reactions.

2.2.4 Horses
Specific illuminance recommendations for horse housing are

rare. Most recommendations on illumination with regard to horses,

are recommendations for lighting of riding arenas (100-150 lux for

riding) and during sporting events (250-300 lux at the eye-level of the

horse) (Svenska Ridsportförbundet, 2020). Some recommendations

depend of the number of people rather than the number of horses at

an event, with increasing people yielding higher lux (e.g., > 1000

people > 750 lux horizontal) (Riksidrottsförbundet, 2023). In Sweden,

there are a set of recommendations for lighting of horse facilities with

100 lux as the general recommendation for indoor horse facilities

(Brandskyddsföreningens Service AB, 2023). At the international

level, the FEI (i.e., the international federation for equestrian

sports) recommends stable and riding conditions with good

lighting as a minimum requirement for sporting events that

includes horses (Fédération Equestre Internationale, 2020). Overall,

bright light, large light variations or uneven light as well as sudden

changes in light intensity should be avoided (Svenska

Ridsportförbundet, 2020).

Horse eyes are large and contain elongated pupils which can

dilate greatly to capture sparse photons at night (Wouters and De

Moor, 1979). At the back of the horse’s eyes, the reflecting tapetum

lucidum provides a higher chance of the photons to be captured by

the photoreceptors (Ollivier et al., 2004). All these features give the

horse good visual abilities under low light intensities. Studies on

equine scotopic abilities have shown that horses maintain grazing

and interacting with conspecifics during nighttime, i.e., under light

intensities similar to moon light (Berger, 1986; Mayes and Duncan,

1986). Saslow (1999) further noted that horses are more capable of

seeing details on overcast days as opposed to sunny days. Some of

the more recent studies show that horses are able to solve two-

dimensional discrimination tasks in almost complete darkness, and

that horses possess good visual capacity under both natural and

artificial light conditions (Hanggi, 2006; Hanggi and Ingersoll,

2009). However, a crucial difference between horses and humans
Frontiers in Animal Science 09
is the ability to adapt to sudden changes in light intensity. While

humans transfer from bright light to darker conditions (or vice

versa) within a few seconds, for horses the transfer may take

considerably longer. The size of the horse’s horizontal pupil is

reduced by relatively weak circular muscles (Samuelson, 1999),

making it slow to adapt. Horses may thus be more easily blinded by

exposure to sudden bright light, in comparison with humans. In the

reverse situation (transition from bright light to darker conditions)

the adaptation time depends on the initial light intensity to which

the horse was exposed. The higher the light intensity, the longer the

adaptation period, which can extend for up to 45 min (Wouters and

De Moor, 1979; Hanggi and Ingersoll, 2009).

Moreover, Neveux et al. (2023) investigated the effects of different

LED lighting conditions on young horses during trailer loading and

stationary confinement. They found that homogeneous warm (3000

K and 100% luminous flux) and cold (6500 K) LED light color

temperatures during the stationary phase seem to have a calming

effect when horses return to their stable, which was not the case under

natural light conditions. Additionally, horses loaded faster into the

trailer and expressed less stress-related behaviors with a high

illuminance level (> 4500 lux) inside the trailer compared to a

lower illuminance level (< 3000 lux) (Neveux et al., 2023).

2.2.5 Implications for housing and welfare
Illumination is essential for biological functions, health and visual

capabilities of farmed ungulates to recognize and discriminate between

conspecifics as well as for technical structures in their housing

environment. However, evidence for clear recommendations on

essential illumination intensities is still scarce. In comparison to

humans, ungulates are better adapted to nocturnal and crepuscular

conditions. Adapting light conditions and management can ease

handling of farm animals and lower stress. Therefore, not only

illumination intensity, but also light color temperature and

luminance density for contrast vision assessment should be

considered for future housing and welfare improvement.

For pigs: Pigs are able to see at very low illumination intensities

of less than 1 lux. Most of the current recommendations are aimed

at much higher intensities for orientation (which is more important

for human supervision) and daylight conditions of a minimum of

40 to 80 lux for which pigs do not show clear preferences. However,

some studies also revealed that pigs kept under illumination levels

lower than 40 lux increase their aggressive or abnormal behaviors.

On the other hand, pigs seem to avoid very intense illumination and

exhibit increased aggression when permanently exposed to these

conditions (> 440 lux). This wide range of illumination levels

(between 40 and 440 lux) makes it difficult to propose any

recommendations for future light settings. Furthermore, most of

the literature available was conducted on growing/finishing pigs,

less on piglets and none on farrowing sows. This leads to a gap of

knowledge regarding whether illumination levels can affect growth

parameters and agonistic behaviors across production stages.

If pigs seem to be able to discriminate and develop preferences

for certain illumination levels and light color temperatures, these

preferences seem to depend on their age and performed behaviors

(e.g., piglets of 4 weeks of age preferred dimmed illuminations and
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warm light colors for all behaviors; piglets of more than 5 weeks of

age preferred dimmed illuminations and warm light colors only for

resting) and should thus be considered for illumination devices in

pig barns. Habits certainly also play a part. As pigs clearly establish

functional areas for resting and other activities, illumination

intensity and quality could help among other climatic factors to

support this motivation for separation of functional areas. Future

housing should not only provide them with access to natural light

conditions but also allow them to choose between dark/dimmed

and illuminated areas to better support their behavioral and

functional needs such as resting, exploration, feeding, defecation

and social activities at different times of the day. As very intense

outdoor illumination levels might be harmful (including sunburn in

unpigmented domestic pigs), shades or dimmed areas for resting

seem to be essential for their welfare.

For sheep and goats: Studies on illumination requirements for

sheep and goats are scarce. One can assume that most small

ruminants are housed outdoors and well adapted to these

conditions or exposed to natural light conditions when housed

indoors, explicitly during the winter periods. Few studies indicate

that indoor illumination intensities between 10 and 100 lux seem to

be appropriate for sheep while others recommend light intensity

around 200 lux for optimal performance. Future studies should

systematically investigate if low or medium illumination levels in

indoor housing systems can promote sheep and goats’ welfare, and

whether they prefer specific light intensities to perform behaviors

such as resting, exploration and feeding.

For cattle: Although illumination seems to influence the behavior

of cattle, studies on light intensity preference have not been reported

so far. Most studies in cattle are concerned with the effect of

additional (LED lighting) illuminance (in combination of an

increased photoperiod) and/or light color temperatures on

behavior, performance and milk yield in dairy cows. Contradictory

results were reported with regard to the effect of light intensity on

milk fat concentration. Lower illumination levels seem to increase

lying time, both in calves and lactating dairy cows, which could

positively affect rumination, while illumination levels up to 130 lux

seem to increase feeding and social behaviors in calves. Furthermore,

it seems that adapted LED light color temperatures for specific crucial

areas in the barn (at 150 lux) may enhance visibility and thus increase

the motivation to visit these areas. Based on the available literature, it

remains difficult to draw definite conclusions on the effect of

illumination on cows’ behavior and welfare.

For horses: As for cattle, horses seem to be influenced by

illumination, but preferences for distinct illumination levels have

not been systematically investigated. Training horses in low light

conditions might make it easy for the horse to see its surroundings,

but in turn makes it harder for the rider or trainer. Illumination of

the area in which a horse is, regardless of the purpose (training/

housing/riding) is thus important but the horse’s slow adaptation

from light to dark is possibly the most important factor to consider.

This may explain why horses are sometimes reluctant to go from

lighted areas into dark ones, for instance, the interior of a trailer

might be visible to humans in bright daylight, but to a horse, it can

appear to be a dark hole. As a result, constant light intensity is
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preferable for horses to minimize sudden or large changes

in illumination.
2.3 Color

The perception of colors is linked to the presence of cones in the

eyes and varies among species. For an individual to perceive color,

the retina must contain at least two types of photoreceptors, each

with peak sensitivity in a different wavelength of light. These

receptors are sometimes referred to as red, green, and blue cones,

sensitive respectively to long-wavelength light (L), middle-to-long-

wavelength light (M/L), and short-wavelength light (S). To date, it

appears that horses, pigs, goats, cows, and sheep are lacking red (L)

cones and therefore have the photopigment basis for dichromatic

color vision (Neitz and Jacobs, 1989; Jacobs et al., 1998). For

dichromats, there is a neutral point in the wavelength spectrum

so that light may appear as gray (Roth et al., 2007).

It has been shown that domesticated ungulates respond

differently to various light color temperatures (see section 2.2).

These species are also able to discriminate a variety of colored

objects (e.g., Manida et al., 1989; Tanaka et al., 1989a; Tanida et al.,

1991). Here, we will review to which extend farmed ungulates

discriminate colors. In humans, it has been shown that colors can

affect mood (O’Connor, 2011; Elliot, 2015; Yang and Shen, 2022),

however, little is known about the effect of color on domesticated

ungulates and whether colors and colored light (indicated in nm)

can affect physiological parameters, e.g., reduce stress levels.

2.3.1 Pigs
There are various studies on pigs’ color perception that affirm

that pigs are able to discriminate colors. Tanida et al. (1991)

pointed out that pigs could discriminate only blue among three

colors (i.e. vs. green and red) as well as distinguish blue from gray.

However, these results must be viewed with caution because the

stimuli (i.e. cards) presented to the pigs did not match in

brightness, but only in luminosity, and therefore the results

might be biased (Tanida et al., 1991). More recent studies

indicate that piglets can differentiate between blue, yellow, red,

and green, even though pigs are assumed to have dichromatic color

vision, i.e. be red-green deficient (Deligeorgis et al., 2006; Klocek

et al., 2016). More precisely, these studies showed that piglets prefer

to feed and drink from blue troughs (Klocek et al., 2016) and red

drinkers (Deligeorgis et al., 2006), respectively. In contrast, the

piglets used yellow troughs (Klocek et al., 2016) and green drinkers

(Deligeorgis et al., 2006) less frequently. Deligeorgis et al. (2006),

but not Klocek et al. (2016), found that the preferences slightly vary

with sex; female piglets preferred blue drinkers while males more

often used red ones. Foppa et al. (2018) on the other hand, found

that female pigs had no preference for environmental enrichment

objects of a specific color (red, blue, yellow). In a study by Babicz

and Paprocka (2018), it was investigated whether two different pig

breeds (Pulawska and Polish Large White) show preferences to

interact with objects of certain colors (yellow, blue, red) in a “free-

choice behavioral-test”. Surprisingly, the authors found that the
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Pulawska and Polish Large White preferred blue and yellow

objects, respectively, and both breeds interacted least with the red

objects. Besides the different preferences, the results clearly show

that these animals can distinguish between colors, and that they

prefer blue and yellow over red (Babicz and Paprocka, 2018).

However, the results on the Polish Large White breed contradict

the findings of Klocek et al. (2016), where blue and red were

preferred over yellow. One possible explanation for the dissenting

preferences might be due to genetic variation between the breeds;

Klocek et al. (2016) used Polish Landrace x Polish Large White

crossbred piglets. Another possibility could be simply due to

differences in their familiar environment before the trial.

However, at this stage, it remains only speculative and more

detailed investigations should be done focusing on color

preferences among various pig breeds.

A recent study of Paggi et al. (2020) investigated suckling

piglets’ preference of alternative light colors (i.e. blue, green,

yellow and red) in their creep area over LED white light, and

whether it affected their behavior. Piglets showed significant

preferences only for white light over blue and red light and

preferred green lighting among the various colors, even though

no color influenced their behavior. No other studies investigating

pig preferences for specific light colors were found.

2.3.2 Sheep and goats
Understanding color vision in sheep and goats is crucial for

better understanding their behavior in various environmental and

housing contexts (Tribe and Gordon, 1949). However, there is still

some debate about the extent of color vision in both species. Jacobs

et al. (1998) used flicker photometry to assess the spectral properties

of cones in sheep and goats and concluded that these animals have

the necessary photopigments for dichromatic color vision, similar

to most other mammals (Bowmaker, 1998). Studies on color

discrimination in sheep have shown that lambs can differentiate

between red, green, blue, and gray (Tanaka et al., 1989a) and

between various shades of green (Bazely, 1988; Tanaka et al.,

1989b). Bazely and Ensor (1989) further showed that sheep could

not differentiate green and yellow of the same brightness. Goats, on

the other hand, have been found to distinguish between orange,

yellow, green, blue, and violet (Buchenauer and Fritsch, 1980), with

some preliminary evidence indicating trichromacy (Siemers et al.,

1999), whereas Jacobs et al. (1998) reported only two types of cones

in goats - the basis for dichromatic color vision.

Moreover, Tribe and Gordon (1949) have even postulated that

color vision in sheep has no importance for grazing and feed

acceptance. There are reports that sheep become irritated or

fearful when exposed to novel colors associated with painted

conspecifics or offspring (Alexander and Shillito, 1977), although

this response was also seen in response to increased darkness of gray

(Alexander and Stevens, 1979). In addition, a study on light colors

found that green light (560 nm) can increase feeding time and

reduce resting time in lambs compared to white (solar spectrum),

red (680 nm), and blue (470 nm) lights (Casamassima et al., 1994).

To the best of our knowledge, further studies on color

perception abilities and preferences of goats and sheep are not
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available and it remains subject of future research if different colors

may affect physiological parameters and welfare.

2.3.3 Cattle
According to Jacobs et al. (1998), cattle have dichromatic vision

with peak photopic sensitivities occurring at 455 nm (blue) and 554

nm (green). This means that cattle, like all other ungulates, see colors

(Riol et al., 1989; Phillips and Lomas, 2001). Discrimination

experiments suggest that cattle can distinguish short (492 nm blue)

and medium (538 nm green) wavelengths from long (610 nm red)

wavelengths (Gilbert and Arave, 1986; Riol et al., 1989; Phillips and

Lomas, 2001), but the discrimination between blue and green light

seems to be difficult (Gilbert and Arave, 1986). However, nothing

shows that the intensity of the light sources has been taken into

account during these tests. Two recent studies investigated whether

Japanese Black cows were able to differentiate between green fresh

forages and brown dead forages, and assessed whether this ability was

affected by sunlight versus shadow. The results indicated that the

cows successfully differentiated between forage types independently

of ambient light conditions (Hirata et al., 2019; Hirata and Kusatake,

2020). Manida et al. (1989) conducted an experiment to study the

ability of cattle to discriminate color in a grazing management

context. They demonstrated that cattle were most willing to stay

inside the paddock and therefore away from the electric fence when

the tape had the color red, followed by blue, white, orange, yellow,

green and violet (Manida et al., 1989). In another study, it was shown

that the presence of green light seems to reduce fear and improved

maze performances of calves compared to their performance under

blue or red light (Lomas, 1994). This positive effect of green light was

also seen in calves that were exposed to a fearful stimulus, i.e. a loud

noise behind them (Phillips and Lomas, 2001). The result of Lomas

(1994) and Phillips and Lomas (2001) indicates that cattle can

distinguish between green and blue light, which contrasts with the

findings of Gilbert and Arave (1986).

Lindkvist et al. (2021) studied the effects of achromatic and

chromatic (i.e. artificial blue, red, or white similar to sunlight) lights

on endocrinology, activity, and milk production in dairy cows. They

observed that milk yield was not affected whereas plasma melatonin

was higher during the night, when the cows were exposed to blue

and red dim light compared to white light (Lindkvist et al., 2021).

Murphy et al. (2021) observed a melatonin secretion suppression

but no milk production effect in dairy cows after administrating a

LED short wavelength blue light (468 nm) at high intensity (250

lux) to one eye. Contrasting to these studies, Son et al. (2020) found

that supplementary LED blue (470 nm) and yellow (580 nm) light

during the night led to a decrease in milk yield in lactating cows

compared to white or no light during the night. In addition, blue

light supplementation led to higher stress levels in those cows (Son

et al., 2020). Elsabagh et al. (2020) also found higher melatonin

levels during nighttime in female dairy calves with yellow vs. blue

LED (for 2h before the darkness of long-day photoperiod) which

might negatively impact their development. They additionally

observed higher hay intake, frequency of water intake, rumination

time and body weight gain when exposed to the yellow rather than

the white LED (Elsabagh et al., 2020).
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Lindkvist et al. (2021), also analyzed the relationship between

light colors and activity patterns and found that standing during the

night was slightly higher (but not significant) when blue light was

provided compared to white light. They argued that in a tie-stall

system (as used in their experiment), different light regimes did not

change activity levels of dairy cows. Whether the same may be true

for loose housing systems need to be further investigated. Wilson

et al. (2022) found no difference in lactating cows’ resting behavior

when briefly exposed to supplemental LED wavelengths [full-

spectrum white (380 – 780 nm), yellow-green (564 nm), and blue

(483 nm)] in the resting area compared to a dark control treatment.

Generally, literature on cattle color vision abilities, behavioral

responses and preferences is scarce and not always controlled for

other parameters. Further studies to fulfill this knowledge gap are

needed in order to elucidate if color affects cattle welfare, and if so,

how color could be used to optimize cattle housing and

management on-farm.

2.3.4 Horses
Horses also have dichromatic color vision (Macuda and

Timney, 1999; Carroll et al., 2001; Timney and Macuda, 2001). It

means that horses have only two distinct spectral receptors in their

retina: blue (S) and green (M/L) cones. Because horses are lacking

red (L) cones, they likely see colors similarly to red-green colorblind

humans (i.e., protanopia) (Rørvang et al., 2020). With only two

color receptors (Timney and Macuda, 2001), several combinations

of wavelength and luminance will induce equal response ratios in

the receptors, so that various colors will appear similar to one

another. For horses, as well as for other dichromats, there is a

neutral point in the wavelength spectrum so that light may appear

as gray (Roth et al., 2007). Although horses probably perceive

wavelengths from across the spectrum as colored (apart from that

at the neutral point), these colors may be seen as variations of only

two hues (blue and green). This means that horses would be unable

to use wavelength information to discriminate between colors that

lie on the same side of the neutral point similar to the way human

protanopes commonly confuse reds and greens (Murphy et al.,

2009). Different dichromats may additionally differ in their color

vision abilities depending on the spectral tuning of their cone

pigments (Carroll et al., 2001) resulting in different achromatic

(i.e., grayscale) zones across different dichromatic species.

In behavioral studies, horses have been shown capable of

discriminating blue and red from gray but had difficulties with

green and yellow (Pick et al., 1994; Macuda and Timney, 1999).

Grzimek (1952) pointed out that horses can discriminate yellow

best from gray, followed by green and blue, while they had

difficulties discriminating red. Similarly, Hall et al. (2006) found

that the colors orange, yellow, and blue can be clearly discriminated

from gray, but not from red. However, in the same study, it was also

found that horses had difficulties to identify yellow and blue when

compared to green (Hall et al., 2006). Smith and Goldman (1999),

on the other hand, found that horses can discriminate red, yellow,

green as well as blue from gray, and that only single individuals may

have difficulties identifying green and yellow.
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The ability of horses to distinguish among various colors was

also tested in relation to flooring by Hall and Cassaday (2006). The

results reveal that white-, blue-, and yellow-colored mats on black

floors caused a great number of adverse reactions, while green, red,

brown, and gray caused less adverse reactions (Hall and Cassaday,

2006). The level of the adverse reactions diminished in most cases

once no negative consequences had occurred, i.e. after

acclimatization (Hall and Cassaday, 2006). A study by Burla et al.

(2016) further found a general calming effect (on activity and heart

rate) of color illumination (15 min at 240 lux), regardless of the (625

nm red, 571 nm yellow, 534 nm green, and 470 nm blue) color of

the light.

The results of the above-mentioned studies reveal that there is a

lack of clarity about which colors horses can discriminate, and

which factors influence this ability. It is well-known that certain

breeds and colors of horses can have implications for hearing ability

(Magdesian et al., 2009) and visual ability (Andersson et al., 2013).

Hence, it is possible that such factors also influence color vision

abilities and preferences of individual horses. However, instead of

studies that focus on simple discrimination tasks, studies

investigating how horses may react to different colors in different

situations may be of greater interest. Such studies are needed in

order to evaluate if colors might benefit horse welfare if used in

stable design and horse management.

2.3.5 Implications for housing and welfare
Although pigs, sheep and goats, cattle and horses have

dichromatic color vision, evidence suggests that they do not all

see nor discriminate colors the same way, having potentially

different achromatic (grayscale) zones. In addition, further highly

controlled studies are needed to identify to which extent ruminants

and horses (in particular) discriminate colors and whether this

ability is relevant for housing enrichment and handling. Research

should, for example, focus on physiological and behavioral

reactions to colored features and colored lights.

For pigs: Pigs seem to be able to discriminate between colors but the

studies on preferences for any particular color associated with feeders,

troughs etc. give no clear results. Compared to humans and birds one

can assume that they do not see red as humans see it, as they have

problems discriminating red from gray. Their preference for resources

seems to be more dependent on their excellent senses of smell, sound

and touch rather than vision. Therefore, environmental enrichment

with coloration to enhance visibility or colored materials to initiate

exploration such as colored “toys”may not fulfill their purpose in pigs.

For sheep and goats: As for all farmed ungulates, sheep and

goats’ visibility and discrimination of objects, conspecifics, handlers

and predators do not seem to depend much on their sense of color

vision. One can assume that they are, similar to other species, able to

discriminate and develop preferences between color intensities,

such as pastures with dark or bright green grass. However, we do

not know yet if it is slightly different wavelengths that makes them

choose one pasture or another.

For cattle: Literature on cattle color vision and discrimination

abilities is scarce. If cattle seem to be able to see and discriminate
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between short (blue) to medium (green) wavelengths and long (red)

wavelengths, further studies are needed to better identify to which

extent cattle rely on gray nuances to distinguish between colors.

There is evidence that green light has a calming effect on calves

(Lomas, 1994). Whether this effect remains in later life stages needs

to be investigated. Nevertheless, the use of green light to improve

the environment for cattle in specific situations, e.g., during

transportation or in slaughterhouses, where the animals may

experience fearful and stressful situations, may contribute

positively to their welfare. Studies on performance rates of dairy

cows and calves, i.e. daily milk yield, melatonin levels and body

weight gain, come to conflicting results, and therefore need further

investigations. Further studies should focus on fulfilling this

knowledge gap before conducting research on color effect and

colored features on cattle welfare.

For horses: Although it is still not clear exactly how horses see

colors, current knowledge suggests that some colors are visible to

horses whereas others are not. Further research on horses’

behavioral reactions to colored features within their home

environment or colored light is needed to fully map horses’

reaction to colors and their impact on horse welfare. It is,

however, clear that colors impact horses especially when the

horse can see contrasts, such as a yellow, white or blue mat on a

dark surface. Such information is useful in the design of high

welfare housing systems but also in the daily management and

training of horses. In some situation it may be beneficial to have

clear contrasts in order for the horse to see the object (e.g., a jump in

horse riding), whereas in other situations using colors with less

contrast would be beneficial in order to lower adverse reactions

(e.g., flooring, inside of a trailer or features in the home pen).
3 Conclusions

In conclusion, the welfare and productivity of farmed ungulates

can be influenced by photoperiodicity, lighting, and color perception.

For pigs, longer photoperiods (≥10 hours) improve growth rates and

reduce aggression, although further research is needed to establish

optimal lighting conditions, especially for younger pigs. Sheep and

goats, as seasonal breeders, require photoperiods that align with their

natural reproductive cycles, with potential benefits in milk

production, though the full impact on welfare remains unclear.

Cattle benefit from extended light periods expressed in increased

milk yield and feed intake, but more research is needed to understand

the long-term welfare implications of such lighting practices. Horses,

with their circadian rhythms closely tied to their behavior and

performance, benefit from routines aligned with natural light

cycles, suggesting that minimizing nighttime activities can enhance

welfare and training outcomes.

In terms of lighting, species-specific needs are crucial for

safeguarding welfare and production, with pigs needing moderate

light levels to avoid aggression and stress, and cattle benefitting

from tailored lighting systems that support feeding and social

behaviors. Sheep and goats also require adequate illumination,

with studies suggesting lighting between 75-100 lux to minimize

stress. Horses, with unique visual needs, require gradual transitions
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in light intensity, particularly for tasks like trailer loading,

highlighting the importance of lighting systems that reduce stress

and support natural behaviors across species.

Colored light, while still an underexplored area of research,

appears to influence the behavior and welfare of farmed ungulates.

Pigs can distinguish between colors, but their preferences are often

driven by other more salient sensory cues such as olfaction and

touch than by color. Sheep and goats can differentiate between some

colors, though the significance of this in their behavior remains

uncertain. Cattle show a preference for green light, which may have

a calming effect, and horses can distinguish blue and yellow, with

varying reactions to color depending on the context. Although these

findings suggest that color can affect behavior and thus welfare,

more research is needed to fully understand how colors influence

physiological responses and how they may be utilized.

Ultimately, a central aspect to enhancing the welfare and

productivity of ungulates lies in understanding and tailoring

environmental factors such as different light parameters to meet

the species-specific needs of pigs, sheep, goats, cattle, and horses.

Future research should continue to explore these areas to optimize

housing systems and management practices, ensuring the well-

being of farmed ungulates.
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