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The application of ultraviolet (UV) light in poultry production is garnering increased interest with the drive toward improved poultry welfare and optimized production. Poultry can see in the UV spectrum (UVA wavelengths: 320–400 nm) thus inclusion of these shorter wavelengths may be viewed as more natural but are typically excluded in conventional artificial lights. Furthermore, UVB wavelengths (280–315) have physiological impact through stimulation of vitamin D pathways that can then improve skeletal health. However, better understanding of the effects of UV supplementation must occur before implementation practically. This non-systematic literature review aimed to summarize the impacts of UV supplementation on the behavior, welfare, and production of laying hens, meat chickens (breeders and growers), and other domestic poultry species including directions for future research. The literature demonstrated that UVA light has positive impacts on reducing fear and stress responses but in some research, it significantly increases feather pecking over age during the production phase. UVB light will significantly improve skeletal health, but an optimum duration of exposure is necessary to get this benefit. Supplementation with UVB light may have more distinct impacts on egg production and eggshell quality when hens are experiencing a dietary vitamin D3 deficiency, or if they are at the terminal end of production. The relative benefits of UVB supplementation across different ages needs to be further verified along with commercial trials to confirm beneficial or detrimental impacts of adding UVA wavelengths. Further research is warranted to determine whether adding natural light wavelengths to indoor poultry production is indeed a positive step toward optimizing commercial housing systems.
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INTRODUCTION

Light is an important component of poultry housing systems as it can affect a bird's behavior, growth, health, production performance, reproduction, and welfare (Lewis and Morris, 1998; Wineland, 2002). There are a range of factors aligning with lighting effects on poultry including the source of light, level of intensity, duration (photoperiod), and color (wavelengths) and all have distinct effects on the bird (Manser, 1996; Lewis and Morris, 2000; Prescott et al., 2003). With increasing sophistication of poultry housing systems to optimize productivity and bird welfare and improve system sustainability, the environment that the birds experience and its consequent impacts must be understood. Housing modifications that enhance the system's output and/or bird welfare for the advancement of the poultry industry are continually being sought. In terms of lighting, supplemental ultraviolet (UV) wavelengths may be an avenue for improvement.

Avian vision has greater spectral sensitivity than that of humans, and poultry can see light in the UV spectrum (Bowmaker et al., 1997; Prescott and Wathes, 1999; Rajchard, 2009) as well as experience physiological effects on vitamin D, similar to humans (Engelsen, 2010; Vergneau-Grosset and Péron, 2020). UV light comprises the shorter wavelengths (100–400 nm) of the electromagnetic radiation spectrum and is divided into three distinct parts: UVA (315–400 nm), UVB (280–315 nm), and UVC (100–280 nm). The visual perception of a poultry eye lens to radiation between 320 and 400 nm allows them to see UVA light (Govardovskii and Zueva, 1977; Hart et al., 1999; Hunt et al., 2009). Retinally perceived UVA spectrum in poultry is also transmitted to pineal oscillators which controls the circadian rhythm through regulation of melatonin secretion in the pineal gland (Rosiak and Zawilska, 2005).

UVB plays a key role in the production of vitamin D3 which promotes intestinal absorption of calcium and phosphorus, thus increasing bone mineralization and development of skeletal health (DeLuca, 2004; de Matos, 2008). In poultry, the main sources of vitamin D3 are the endogenous synthesis in the skin by irradiation of UVB light and the dietary intake of animal origin feed stuffs (Ameenuddin et al., 1985; Tian et al., 1994; Stanford, 2006). A biochemical structure in the form of 7-Dehydrocholesterol (7-DHC) (provitamin D3) present in the epidermis of the skin, is converted into previtamin D3 by ultraviolet UVB light. The concentration of 7-DHC is 30 times greater on the featherless leg skin than the back skin (Tian et al., 1994), and 190-fold higher compared to the comb (Schutkowski et al., 2013). Through physiological pathways, the previtamin D3 is converted to the biologically active form of vitamin D3, also known as calcitriol and acts like a hormone contributing to calcium regulation [further details of the pathway have been described by de Matos (2008) and the role of UV in poultry is summarized in Figure 1]. However, excessive exposure to UVB radiation can also destroy vitamin A in the skin, damage collagen fibers, cause sunburn and initiate detrimental molecular changes in the skin (McKenzie et al., 2003; Lewis and Gous, 2009). The UVC wavelengths are hazardous to both humans and animals and are only used in poultry production for germicidal purposes.


[image: Figure 1]
FIGURE 1. Role of UV wavelengths in poultry vison and the physiological pathways involved in vitamin D3 synthesis with consequential impacts on skeletal health and egg production (Image constructed by Andrew M. Cohen-Barnhouse).


UV light (UVA and UVB) may thus be important for poultry production in commercial systems to improve behavior and health such as through increasing the frequencies of desirable behaviors (e.g., foraging) and decreasing frequencies of undesirable behaviors (e.g., aggressive feather pecking) that can lead to injury, but it is not yet widely used. Historically, incandescent and sodium vapor lights were used for poultry farming, followed by fluorescent lighting. Currently, light-emitting diodes (LED) are widely used for commercial poultry industries (Benson et al., 2013; Parvin et al., 2014) but they are devoid of the UV spectrum. With consumers driving improvements in animal welfare, housing systems must cater to bird needs as well as being sustainable, thus requiring environmental optimization. The provision of UV light has garnered increasing interest with recent reviews highlighting the potential benefits for extending the commercial hen laying cycle (England and Ruhnke, 2020), and for enhancing vitamin D content in eggs for human health (Barnkob et al., 2020). Access to UV light is also more natural for poultry which may align with consumers' views that a more “natural” environment is better for bird welfare (Schröder and McEachern, 2004; Vanhonacker and Verbeke, 2014; Pettersson et al., 2016). This view extends to the increases in free-range poultry systems (Scrinis et al., 2017) where access to daylight/sunlight is one factor considered important by consumers (de Jonge and van Trijp, 2013). Free-range systems may be most optimal for birds to receive adequate UV light both behaviorally and physiologically. However, globally, there is still a large proportion of the poultry industry that uses intensive indoor farming, and thus artificial illumination with UV supplementation may be beneficial. Alternatively, more natural light wavelengths may not be suitable for intensively farmed birds where many other factors of their environment and social structure are different to what would be experienced by their wild counterparts. There have been an increasing number of research publications related to the provision of UV light for poultry (approximately 17 papers in the past 5 years compared with 7 in the 5 years prior), and some poultry-specific bulbs that include UVA wavelengths being developed. Thus, this review is a timely summary of the most recent information about the effects of UV light on poultry behavior, welfare, health, and production in chickens and other poultry species, providing a better understanding of its implication in poultry industries and directions for future research.



EFFECTS OF UV LIGHT ON LAYING HENS (INCLUDING BREEDER BIRDS)


Behavior and Welfare

The retina of avian species allows visual perception of UVA wavelengths and these may be critical for bird orientation, social signaling and foraging decisions (Cuthill et al., 2000). Hens can see UVA light and the presence or absence of these wavelengths has been shown to influence fearfulness, feeding behavior, mate selection, mating activity, social interactions and locomotion behaviors as summarized in Table 1. When given a choice, chicks have been shown to prefer an area with 15% UVA where lower percentages of UVA supplementation reduced the strength of the preference (Liu et al., 2018). Similarly, Rana et al. (2021) demonstrated that individually-tested laying hens of 44 weeks of age preferred a medium intensity of UVA light, and both low and medium intensity of the light containing UVA plus UVB wavelengths (UVA/B) over the standard indoor LED white lighting. The domestic chickens' ancestors were the red jungle fowl, which typically lived in forest understory with exposure to a more filtered lighting environment distinct from a full daylight spectrum (Wichman et al., 2021). In assessment of hen behavior under forest (with UV), daylight (with UV), and control lighting (without UV), there were more active behaviors (e.g., foraging, locomotion, perching) expressed in UVA-containing over the UVA-deficient lighting environment and birds preferred forest over control lighting when given a choice (Wichman et al., 2021). However, no differences were observed across many other behavioral measures taken in the home pens indicating the preferences were subtle and the control lighting was not aversive (Wichman et al., 2021). Previously, the optimum level of UVA supplementation that improved comfort behaviors (e.g., dust bathing and preening), and reduced fearfulness was reported to be 13–20% UVA output in the total capacity of fluorescent lighting (Ruis et al., 2010). Rana et al. (2021) also demonstrated greater foraging and preening behaviors under a low intensity of UVA/B light during individual preference testing.


Table 1. Effects of UV light on laying hen behavior and welfare.

[image: Table 1]

In an experimental context, Maddocks et al. (2001) showed that day-old layer chicks reared up to 28 days with UVA supplementation, showed a trend of more exploratory behaviors such as ground scratching and environmental pecking than the birds under UVA-deficient lighting. Furthermore, these supplemented birds had significantly lower basal plasma corticosterone concentrations, although all birds reached the same corticosterone peak under a capture-handling-restraint procedure (Maddocks et al., 2001). Consistent with these findings, Sobotik et al. (2020) showed that adult cage-housed hens supplemented with UVA light also had lower basal plasma corticosterone concentrations at 40 and 72 weeks of age and lower heterophil/lymphocyte ratios compared with control (non-supplemented) hens. Furthermore, at 44 and 72 weeks of age, the UVA supplemented hens showed lower fear responses in behavioral tests of tonic immobility and inversion (Sobotik et al., 2020).

UVA supplementation has been demonstrated to reduce pullet feed intake in some research (Lewis et al., 2000b), but increase chick feed intake (Liu et al., 2018) and UVB light has had no feed intake effect in other studies (Gongruttananun, 2011; Lietzow et al., 2012; Schutkowski et al., 2013). Jones et al. (2001) observed an effect of UVA radiation on mating and locomotor activity of broiler breeders, and female broiler breeders spent more time inspecting cockerels under the UVA-supplemented lighting environment. Thus, the absence of UV light in typical indoor housing systems may impact on bird welfare.

In contrast, UVA light has shown some negative effects on laying hens' behaviors. For example, increased feather pecking and skin pecking leading to plumage damage and cannibalism was observed in UV-supplemented commercial aviary-housed non-beak-trimmed hens during the production phase (Spindler et al., 2020). As a result, the UV supplementation had to be discontinued, although no pecking damage was observed under the UVA supplementation during the rearing period (Spindler et al., 2020). The feather pecking behaviors during the production cycle could have resulted from the UVA light making the feathers of conspecifics look more attractive than under standard lighting. It is also possible that the specific intensities of the included UV wavelengths were not optimal, warranting further testing with poultry specific UVA bulbs. In an experimental floor-pen context, adult hens exposed to full spectrum bulbs (containing UVA), UVB bulbs or standard control lighting across 6 weeks showed no treatment differences in feather condition (Kühn et al., 2019). Additionally hens did not actively avoid pen areas with the UVB exposure, suggesting UVA and/or a desired amount of UVB exposure for a certain duration may have no adverse effect on hen behavior and welfare (Kühn et al., 2019). Therefore, ensuring the optimum level of UV supplementation in intensive poultry farming is still a challenge. A certain level of UVA light might improve laying hen behavior and welfare but any negative consequences on feather pecking behavior would have to be managed. The amount of UV output, level of intensity, and duration of UV light supplementation across different bird ages and production stages needs to be further explored in both experimental and commercial settings.



Body Growth, Physiology, and Skeletal Health

Long bone non-infectious disease (e.g., osteoporosis) is a significant problem in laying hen industries, particularly during the later phase of laying cycle, and in cage-housed hens (Whitehead and Fleming, 2000; Webster, 2004). Keel bone damage is a prominent welfare concern for hens within alternative, loose-housed systems (Campbell, 2020; Rufener and Makagon, 2020). Sub-optimal growth, leg weakness (e.g., rickets), and low mineral contents (e.g., calcium and phosphorus) in the blood are the signs of a vitamin D3 deficiency in young chickens (Atencio et al., 2005). The benefits of UVB radiation for its physiological role in converting 7-DHC to cholecalciferol (Vit-D3) in the skin of the feet, comb, and wattles of layer chickens (de Matos, 2008; Schutkowski et al., 2013 and see Figure 1) could minimize the risk of skeletal disorders but evidence with laying hens to date is limited.

The effects of UV lights on growth and physiology, and skeletal health in laying hens are summarized in Table 2. A recent trial across a production cycle on a commercial laying hen farm found that the mean body weights of hens under fluorescent light (FL) were heavier than under a FL+UVA light treatment across the weeks of the trial although the supplementation had to be removed prematurely due to its impact on feather pecking behavior (see section Behavior and Welfare: Spindler et al., 2020). Lietzow et al. (2012) also reported higher body weight in hens exposed to UVB but only in those birds that were also fed an adequate vitamin D3 diet compared with other treatment groups in a dietary vitamin D3/UVB supplementation two-way experimental design. In contrast, other studies have reported no significant effects of either daylight or specifically UVB light exposure on daily body weight gain (Gongruttananun, 2011; Schutkowski et al., 2013; Kühn et al., 2015). Body weight alone in meat birds is a stronger indicative measure than in laying hens and in the aforementioned studies, multiple other measures were taken in addition to body weight to quantify the lighting impacts (see sections Behavior and Welfare and Egg Production and Egg Quality).


Table 2. Effects of UV light on growth, physiology, and skeletal health of laying hens.
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Research into UV impacts on skeletal health for hens found that UVB exposure of 2 or 3 h daily increased the bone mineral density of older laying hens relative to only 1 h or no UVB supplementation (Wei et al., 2020). However, effects on bone area and bone mineral content were inconsistent among treatment groups across age (Wei et al., 2020). Assessment of serum samples showed no impacts across the 8-week trial duration on 25(OH)D3 and P changes across time were similar across all treatment groups (Wei et al., 2020). UVB did affect the Ca and 1,25(OH)2D3 values relative to the control group and 7-DHC was significantly reduced across all durations of UVB exposure indicating a reduced 7-DHC content in the skin to be synthesized by UVB radiation across time (Wei et al., 2020; see Figure 1 for an explanation of the vitamin D pathway). Schutkowski et al. (2013) also found no impact of 3 h daily UVB radiation on plasma Ca and inorganic phosphate concentrations. The UVB radiation did increase plasma concentrations of 1,25(OH)2D3 but 25(OH)D3 was only increased in birds that were fed a vitamin D3-deficient diet, with similar diet/light interactive effects on tibial breaking strength (Schutkowski et al., 2013). An additional study showed that dietary vitamin D3 had a significant effect on the plasma concentrations of 25(OH)D3, 1,25(OH)2D3, and Ca; but an additional 1 h daily UVB supplementation could only slightly (not significantly) improve the 25(OH)D3 content (Lietzow et al., 2012). Kühn et al. (2015) observed no impact of varying UVB exposure durations on plasma concentrations of 1,25(OH)2D3 or the precursor 7-DHC relative to no UVB exposure and only a trend for an increase in 25(OH)D3. There was an increase in vitamin D3 contents over UVB exposure time in unfeathered leg skin, but with no exposure duration effects on 7-DHC in skin tissue (Kühn et al., 2015). Overall, UVA light may not play an extensive role in laying hen growth and physiology (but see sections Behavior and Welfare and Egg Production and Egg Quality), but UVB light could have benefits on skeletal health and vitamin D3 synthesis in the body. These effects may be most prominent toward the end of the production cycle when there is more strain on the hen's body from continuous weeks of egg laying. However, this would require more research as evidence at the terminal phase of the laying cycle is currently limited. Furthermore, in commercial layer industries, particularly for the loose housing systems, keel bone damage still remains as one of the major welfare concerns (Wilkins et al., 2011; Petrik et al., 2015). Research is growing around potential solutions for preventing adult keel bone damage by improving skeletal health during the pullet phase (Regmi et al., 2015; Casey-Trott et al., 2017). Harlander-Matauschek et al. (2015) presented suggestions for future research considerations in the prevention of keel bone damage including investigating dietary supplementation. Although, dietary vitamin D3 and its metabolites have not yet shown a contributory effect in improving keel bone damage (Käppeli et al., 2011; Wen et al., 2019), the studies are limited, particularly in regard to the UVB impacts on vitamin D3 and keel bone health. Therefore, it is suggested that further research determines if UVB light could have an effect on preventing keel bone deformities in laying hens.



Egg Production and Egg Quality

Light has a key stimulatory effect in initiating the ovulatory cycle in poultry via extra-retinal photoreceptors in the hypothalamus that trigger the gonadotropin-releasing hormones (GnRH-I and GnRH-II) (Bédécarrats, 2015). Longer wavelengths of red light are specifically critical for stimulating the GnRH release (Reddy et al., 2012; Baxter et al., 2014) and darkness produces melatonin to stimulate the gonadotropin inhibitory hormone (GnIH) that prevents GnRH release (Tsutsui et al., 2000, 2010). However, as reviewed by Hanlon et al. (2020), light is not the only factor triggering reproductive status within hens, other metabolic factors may also play an important role.

On a molecular level, chickens have opsin receptors in the brain that are sensitive to UV wavelengths (Yamashita et al., 2010) but the specific role of UV in controlling a photoperiodic response is unclear (García-Fernández et al., 2015), particularly given the poorer cranial penetration of these shorter wavelengths (Foster and Follett, 1985; Lewis and Gous, 2009). The photoperiodic response is likely controlled by hypothalamic receptors with higher peak absorbances (Davies et al., 2012). This is supported by no significant impacts of UVA/B radiation on oviposition in young sexually mature laying hens (Lewis et al., 2000b) and no impact of natural light exposure on sexual maturity compared with pullets exposed to red light wavelengths (Gongruttananun, 2011). Furthermore, there is limited evidence for effects of UVA and/or UVB supplementation on egg production and egg quality during the laying cycle as summarized in Table 3 and previously reviewed in England and Ruhnke (2020). Across different strains of laying hens, several studies have supplemented with UVA (prototype UV LED bulbs, fluorescent bulbs, or insect light traps), or natural daylight and found no significant impact on egg production, performance, and egg quality traits including egg weight, eggshell breaking strength, eggshell thickness, albumen height, albumen weight, yolk color, yolk height and Haugh units compared with standard lighting (Hogsette et al., 1997; Gongruttananun, 2011; Sobotik et al., 2020; Spindler et al., 2020). Similarly, UVA supplementation in broiler breeders had no significant impact on egg production, although there were more cracked eggs found in the UVA treatment group (Jones et al., 2001).


Table 3. Effects of UV light on egg production and egg quality.
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In contrast, there is some evidence that UVB supplementation does improve terminal egg production and vitamin D3 metabolites in the eggs. The applicable research studies were recently reviewed by England and Ruhnke (2020) and thus will be presented in brief here. As outlined in the introduction, UVB light plays a beneficial role in the synthesis of vitamin D3 thereby promoting body absorption of calcium and phosphorus to potentially have a beneficial effect on egg production performance and egg quality (Figure 1). Positive impacts of UVB light supplementation on production have been demonstrated in 68-week-old laying hens where 2 or 3 h of exposure across 8 weeks increased egg production relative to one or no hours of UVB light supplementation (Wei et al., 2020). However, evidence across previous studies with laying hens in peak to mid production is limited. UVB supplementation has shown no effect on egg production (Schutkowski et al., 2013; Kühn et al., 2015, 2019) or egg weights (Schutkowski et al., 2013). UVB supplementation can compensate for dietary deficiencies which reduce egg production, egg weights, eggshell stability and eggshell thickness (Lietzow et al., 2012; Schutkowski et al., 2013).

In the terminal egg production study by Wei et al. (2020), egg quality traits were not affected by treatment, except eggshell strength decreased with the supplementation, which may have been related to the interplay between calcium allocation to eggshells versus the skeleton (Wei et al., 2020 and see section Body Growth, Physiology, and Skeletal Health). Conversely, positive impacts (or no impact: Kühn et al., 2019) of UVB supplementation, including sunlight exposure on egg shell quality have been demonstrated in other studies using younger hens of different strains (Schutkowski et al., 2013; Kühn et al., 2014) although short-term exposure (1 h daily) may have limited impact beyond what is already provided in the diet (Lietzow et al., 2012). Further support for the impacts of UV on terminal egg production was reported by Lewis et al. (2007) in broiler breeders but this was an impact of UVA exposure during rearing which improved production rate (but not egg weight) between 52 and 60 weeks of age. The UVA exposure during rearing was proposed to have positively affected the bird's responsiveness to photoperiods at later ages (Lewis et al., 2007).

With a focus on human health, hens housed in free-range systems and exposed to sunlight have increased vitamin D3 content in their egg yolks (Kühn et al., 2014). Similarly, vitamin D3 yolk content can also be increased by artificial UVB light supplementation for indoor-housed hens (Schutkowski et al., 2013), although the duration of exposure will determine the presence of and extent of the impact (Lietzow et al., 2012; Kühn et al., 2015, 2019).

Overall, supplementation with specifically UVB light may have the greatest impact on egg production and eggshell quality, but the impacts may be more distinct when hens are experiencing a dietary vitamin D3 deficiency, or if they are at the terminal end of production. Further studies on commercial farms to optimize the dose and daily exposure time are warranted and validate this as a method for producing vitamin D3 enriched eggs for human health benefits.




EFFECTS OF UV LIGHT IN MEAT CHICKENS (EXCLUDING BREEDER BIRDS)

The majority of commercial meat chicken/broiler production worldwide is based on intensive indoor shed housing (Robins and Phillips, 2011; CIWF, 2019). In these systems, birds experience several housing constraints such as high stocking density, poor air quality, and high moisture in the litter, with welfare issues such as leg health disorders (e.g., rickets, dyschondroplasia, lameness, angular bone deformities, hock burns, and foot pad dermatitis) and compromised behavioral repertoire (Dawkins et al., 2004; Bessei, 2006; Angel, 2007; Averós and Estevez, 2018). While free-range housing is used for both fast- and slow-growing broilers, welfare improvements in conventional intensive indoor production systems remains a focus point in broiler welfare research (Bracke et al., 2019; Rios et al., 2020). A range of lighting factors (i.e., source, intensity, photoperiods, and spectrum) have consequences for broiler production, behavior and welfare (Buyse et al., 1996; Olanrewaju et al., 2006; Soliman and El-Sabrout, 2020). As broiler chickens can also visually perceive UVA spectral light this may be important in their visual communication (Prescott and Wathes, 1999; Kristensen et al., 2007), and UVB light has physiological effects involving vitamin D3 in improving skeletal health (Edwards, 2003; Zhang et al., 2006). Thus, the impacts of UV light on broiler behavior, welfare, and production also need to be considered.

There is a multitude of research on other aspects of broiler lighting systems (Rozenboim et al., 1999; Bailie et al., 2013; Soliman and El-Sabrout, 2020), but few studies have investigated the behavioral, physiological, welfare, and production impacts of UV wavelengths. A summary of the available research to date is presented in Table 4. In radial maze preference testing for varying light sources, broiler chicks at 1 week of age showed no preferences (Kristensen et al., 2007). This preference behavior changed in older birds though with 6-week-old broilers spending more time and performing more behaviors in environments with warm white light and biolux light (small UVA component) over incandescent light and a light designed to most closely match the chickens, spectral sensitivity (included more UVA) (Kristensen et al., 2007). When a different set of birds were housed with these two preferred light sources, birds showed more feather and environment pecking under the biolux light and some increases in wing-flapping but the majority of behaviors were equal across the two light types (Kristensen et al., 2007). Thus, light had an impact on preferences and some behaviors which may have been related to the small UVA component of the biolux light (Kristensen et al., 2007). Contrary to predictions, light with a greater amount of UVA as matched to the birds' spectral sensitivity was not preferred (Kristensen et al., 2007). Physical welfare measures taken from birds under the same two light sources showed no substantial differences between groups in body weight, gait score, footpad dermatitis and hock burns (Kristensen et al., 2006). However, variance in other wavelengths between the two sources reduces conclusions on impacts of UVA alone (Kristensen et al., 2006).


Table 4. Effects of UV light on behavior, growth, and production of meat chickens.
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A more recent study on the impacts of specifically UVA supplementation, reared broilers with LED light only or LED light with additional UVA lights (House et al., 2020a). Results across several physiological stress measures and behavioral tests of fear showed the UVA supplementation reduced stress [lower heterophil/lymphocyte (H/L) ratio, composite asymmetry, and plasma corticosterone] and fear (shorter tonic immobility duration, lower wing flapping during inversion) although there were no effects on immune responses, body weight or feed conversion ratio (House et al., 2020a). Another study by James et al. (2018, 2020) supplemented both UVA and UVB to look at the different impacts of both types of UV radiation. Broilers across the rearing period were exposed to LED-white light only as a control, LED + UVA, or LED + UVA/B (James et al., 2018, 2020). Multiple measures were taken on both welfare indicators and performance across the study duration. Under UVA light, birds had better plumage (males only), shorter tonic immobility duration (lower fear), and lower mortality than control birds (James et al., 2018, 2020). Birds in both UV treatments showed improved walking ability with lower gait scores (James et al., 2018). There were no treatment impacts on breast and leg weights, but growth performance did differ (James et al., 2020). Birds reared with UVA light had slower initial growth rates; male broilers exposed to UVA/B reached their finishing weight earlier than control males, female broilers reached finishing weight earlier under both UVA and UVA/B light (James et al., 2020). Detrimental impacts of the UV supplementation were not observed. Bailie et al. (2013) investigated the provision of natural light through windows (that can pass visible light and a small amount of UV radiation) in commercial broiler houses, combined with straw bales on the floor to evaluate if the natural light and straw bales could improve bird behavior and leg health. Results showed that birds under natural light spent a lower percentage of time lying and resting and a greater percentage of time ground pecking than the birds reared in the absence of natural light. Preening, resting, and aggression were not affected by either the natural light or straw bales, but gait and leg health was improved under natural light indicating positive impacts without detrimental consequences (Bailie et al., 2013).

In further research aimed at specifically physical impacts, the effects of varying timing of UVA/B radiation exposure on skeletal health in birds fed a Vit-D3-deficient diet was investigated (Edwards et al., 1994; Elliot and Edwards, 1997; Edwards, 2003). The UV radiation had several positive impacts including increased body weight, bone ash and plasma Ca and decreased skeletal disorders of rickets and tibial dyschondroplasia (Edwards et al., 1994; Elliot and Edwards, 1997; Mitchell et al., 1997; Edwards, 2003). The radiation did not have to be applied continuously, but the first 3 days were identified to be a critical period where differences were seen in birds exposed on day 1 vs. those that had their first exposure on day 4 (Edwards, 2003). Variation in the benefits also depended on precisely how long birds were exposed for and where the lamps were placed with lamps below the bird having greater effect than those above the bird (Edwards, 2003) indicating the legs and feet to be areas of peak radiation absorbance, in accordance with the high presence of 7-DHC (Schutkowski et al., 2013). Another study by Zhang et al. (2006) also demonstrated that the addition of UV light (exact wavelengths unspecified) from the second week onwards during broiler rearing increased body weight relative to control birds exposed to incandescent light only, although not consistently across every week. UV radiation also increased shank length, bone density and serum Ca indicating the beneficial physiological impacts of this light source and no documented negative impacts, although sheds with different light types were not replicated (Zhang et al., 2006). Similarly, UV light (predominantly UVA, 310–390 nm) exposure from insect trap lights across rearing had no detrimental (but also no beneficial) impacts on broiler growth, mortality, feed consumption, or feed conversion relative to control birds (Hogsette and Wilson, 1999).

Overall, this small collection of studies indicate that UV light supplementation can have positive impacts on broiler health, fearfulness, stress susceptibility, and performance with no clear evidence of detrimental impacts. The provision of UVA or UVA/B wavelengths can have differing impacts, and there is indication that the precise timing and place of exposure will determine whether positive skeletal effects are seen. However, there needs to be more research on optimal timing of exposure commercially, particularly for UVB wavelengths which can cause damage with high exposure and thus may limit practical application. A cost-benefit analysis of health and welfare improvements for UV supplementation in broilers could help producers decide whether to invest in new lighting systems that include UV radiation of both UVA and/or UVB wavelengths. Further verification commercially is required with the positive evidence to date warranting additional study of UV wavelengths as a method for optimizing broiler welfare in modern broiler housing practices.



EFFECTS OF UV LIGHT ON THE BEHAVIOR OF OTHER POULTRY SPECIES AND CAPTIVE BIRDS

In addition to domestic chickens, the UV spectrum is important for other domestic fowl including turkeys, duck, and quail although the available research is more limited as illustrated in Table 5. These other poultry species can also perceive UVA light (Hart et al., 1999; Moinard et al., 2001; Barber et al., 2006) with turkeys showing greater spectral sensitivity than ducks (Barber et al., 2006). These UV wavelengths may be used in conspecific communication, food selection or have as yet undiscovered implications for how these birds perceive their environmental surroundings.


Table 5. Effects of UV light on behavior, growth, and production of other poultry species.
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Turkey feathers will fluoresce under UVA light as well as the feet and legs of young chicks, and the featherless head region of adult males (Sherwin and Devereux, 1999; Bartels et al., 2017); it has been suggested that UVA wavelengths may play a role in the development of injurious pecking behavior (Sherwin and Devereux, 1999; Dalton et al., 2013). Sherwin and Devereux (1999) found a relationship between the age of development of UVA-reflective feather markings on specific body regions and the start of pecking toward those regions. They suggested these regions may appear “abnormal” under conventional lighting (minus UV wavelengths) thus attracting conspecifics toward those areas. Supporting this, when given a choice, turkey poults preferred UVA supplemented fluorescent light (Moinard and Sherwin, 1999). Additionally, enriched environments that included physical enrichments as well as UVA and UVB light supplementation resulting in reduced pecking injuries in comparison with non-enriched standard rooms of incandescent or fluorescent lighting (Sherwin et al., 1999). Providing enrichments including supplemental UV light may reduce pecking injuries in turkeys housed at higher light intensities (Moinard et al., 2001). A further study found no effect of UV light, higher white light intensities, and foraging enrichments on production parameters such as body weight gain and feed conversion efficiency but fewer birds had to be culled as a result of injurious pecking (Lewis et al., 2000a).

The role of specifically the UV light in these studies is uncertain but may have had an additive effect if the birds were able to better perceive their environment under the fuller spectrum lighting (Sherwin et al., 1999; Lewis et al., 2000a). Feather pecking behavior is often believed to be redirected foraging behavior, and thus UVA light is proposed to play a role in the development of appropriate foraging behavior (Moinard et al., 2001). Potential support for the role of UVA light in foraging behavior comes from tests with wild turkeys (Meleagris gallopavo) where both male and female adults avoided food containing a UV-absorbent, post-ingestive repellent but unconditioned turkeys showed no preference for UV food cues indicating the potential communicative value of UVA wavelengths (Werner et al., 2014).

There are even fewer studies that have explored how UV light affects ducks. House et al. (2020b) investigated the effect of supplemented UVA light on duck welfare and production parameters, where day-old ducklings were reared under LED–white light or LED-white and UVA light for 35 days. The ducks exposed to the UVA wavelengths showed several improvements in welfare parameters and stress measures such as lower fear responses and lower composite asymmetry although no effects on production parameters of body weight or feed conversion ratio were seen (House et al., 2020b). The morphology of the duck's eyes was also different depending on the light environment they were reared in House et al. (2020b) emphasizing the physical impacts that could affect perception of their surroundings.

The role of UVA light in foraging has been suggested to be less important for ducks that would typically feed underwater compared with species that feed on land (Barber et al., 2006), but its role in signaling for domestic ducks is uncertain. In mallards (Anas platyrhynchos), UVA reflectance of the male's bill negatively correlates with sperm performance (Peters et al., 2004) which could be used by females to determine their maternal investment of specific compounds into their eggs (Giraudeau et al., 2011). Production ducks can be housed in both closed and open-sided sheds with exposure to sunlight. The role that UV wavelengths may play in breeder as well as grower flocks is currently unclear. In contrast, exposure to UV light or not during rearing for Japanese quail had no significant impacts on the birds' behavior and stress responses (Smith et al., 2005). In Korean quail (Coturnix coturnix) supplementation of UVB light did improve immune index parameters, live weight and carcass quality (Li et al., 2014).

The importance of UV supplementation is not limited to domestic poultry species but can play a role in the behavior, physiology, and welfare of other captive species including zoologically housed species (Ross et al., 2013; Drake et al., 2017; Tröndle et al., 2018) or laboratory model species such as the zebra finch or starling (Bennett et al., 1996; Maddocks et al., 2002). UV supplementation often has positive effects but there can be deleterious implications such as photo bleaching and compromised pro-inflammatory immune responses (Blount and Pike, 2012). Thus, overall, it is important to consider ecological backgrounds for captive and domesticated birds as well as the current housing environment or life history of the bird to determine if UV supplementation will enhance or compromise bird health and behavior.



CONCLUSION

The provision of UV light in poultry housing is still under consideration for implementation and may not be a rapid solution to improve bird welfare before further research. However, the literature has shown that UVA supplementation encourages the birds to express their natural behaviors such as foraging, ground pecking, preening, dustbathing and locomotor activity. In turkeys, UVA may reduce pecking injuries. UVA likely exerts its effect in retinal but not in hypothalamic photoreceptors improving behaviors and welfare in most of the domestic poultry species and captive birds. UVB has an impact on the development of skeletal health, and it could maintain persistency in terminal egg production and prevent osteoporosis. Moreover, an optimum duration of additional UVB exposure with an adequate vitamin D3 enriched diet could improve poultry growth and production. Nevertheless, the potential detrimental effects of UV lights, such as increased feather pecking in laying hens, warrants further study before commercial implementation.



RECOMMENDATIONS FOR FUTURE RESEARCH

The following research questions have been identified:

• What is the optimum level of intensity of UVA light that could be applied to maximize behavioral and welfare improvement without increasing feather pecking?

• What is the optimal timing and duration of UV (A and B) exposure to ensure benefits?

• How would UV supplementation be applied to best match changing requirements across bird strain and age?

• How does the full spectral light (combination of UVA and UVB) affect the birds compared to individual UV light (A or B) supplementation?

• Are there interaction effects between UV light supplementation and specific types of housing systems?
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LED + UVA
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FL + Straw bales
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with UVA)

Spectral sensitivity
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Biolux
Warm-white

Biolux (contains UVA)
(dimvbright)
Warm-white (dimvbright)
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IL+ UV (1.95h)

FL + UVA/B exposure on
different days with various
durations from different
locations (e.g., above and
underneath the birds)
paired with Vit
Ds-deficient or adequate
diet

e FL
* FL + UVA light insect trap

Exp. 1

* 2 x 2 x 2 factorial (2
different distary dosages
of Vit D3)

o FL+1,25(0H),05

o FL+UVAB +
1,2500H)2D5

o FL+1,25(0H)Ds + Vit
D3

o FL+
UVA/B+1,25(0H)2Ds
+VitDs

Exp. 2:

* 2 x 4 factorial (4 different
dosages of Vit Ds)

o FL 4 Vit Ds (ow to high
doses)

o FL+ UVA/B + Vit Ds (low
to high doses)

* FL+ Sleeves (UV
blocked)

o FL+ UVA/B (3.4%)

Exp. 1:

* 2 x 2 (FL onvoff) factorial

o FL + Sleeves (UV
blocked)

o FL + UVA/B (3.4%)

Exp. 2:

o FL + Sleeves (UV
blocked)

o FL+ UVA/B (3.4%)

o FL + Sleeves-+Vit D3 (low
o high doses)

Exp. 3:

o FL + Sleeves (UV
blocked)

o FL + UVA/B (3.4%)

* FL + Sleeves + Vit D3
(moderate to very
high doses)
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Wk 1: 20 lux
Wk 2-6: 5 lux

19-178.4 clux, 30 pW/om?
UVB irradiance intensity at
chick head height

86.2, and 11.4 lux in (+NL)
and (-NL) treatments,
respectively. NL (containing
UVA) allowed through
windows during daytime

Exp. 1: 6 clux (dim) and 100
clux (bright) per treatment
light (total 8 light
treatments), 4 light types
(dim or bright) given in
choice maze

Exp. 2: 6 clux (dim) and 100
clux (bright)

5 clux (dim) and 100 clux
(bright)

22 pW/m? UV imadiance
intensity

Growth, production, and behavioral
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- Broilers reared under LED + UVA light
showed reduced fear and stress
susceptivilty but no effect on growth and
feed conversion ratio

- Broilers under LED + UVA light had improved

feather condition and reduced fearfulness

than under LED; while both LED + UVA and

LED + UVA/B resulted in better gait scores

(improved walking abiity)

Inconsistencies between the UVA and UVA/B

treatment may be related to duration of
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- UVA light decreased mortality and UVA/B
improved growth performance of male
broier chickens

Focal observations showed lying was lower
in birds under FL + NL treatment, standing
locomotion, eating, and idling increased, but
10 effect on aggressive, preening and resting
behavior

Group scans showed more ground pecking
under NL

A better gait score was observed in the FL +
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- Birds preferred Biolux and Warm-white light
imespective of ight intensity at 6 wk of age

- Less feather-pecking observed under
Warm-white than Biolux, and more foraging
behavior under dim over bright intensities

- Light sources and intensity had no effect on
production performance, mortality and leg
health

- Growth performance and skeletal
development was enhanced under UV light

- Birds fed with vitamin g in diet or exposed to
UVA/B radiation had greater body weight (at
16-days of age) than the birds fed a vitamin
Ds deficient diet

Chickens with continuous exposure of UVA/B
radiation had increased bone ash, and
decreased incidence of rickets and tibial
dyschondroplasia (TD) than the birds of both
vitamin D deficient or enriched diet without
having UVB ight exposure

Birds exposed to UVA/B from day one had
significantly reduced incidence of rickets and
D than those started 4 days later

- Constant exposure of UVA light did not
adversaly affect broiler growth performance,
feed consumption, and mortality

- FL containing UVA/B radiation had similar
effectiveness as 1,25(0H)2D3 for minimizing
tibial dyschondroplasia (TD)

- UVA/B radiation was able to compensate for
dietary deficiencies at some doses to reduce
TD and rickets

UVA/B exposure significantly increased body
weight, bone ash, and plasma dialyzable P
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UVA/B radiation compensated for dietary
deficiency in cholecalciferol. Higher levels of
dietary cholecalciferol had equivalent impacts
on bird growth and skeletal health as
exposure to the UVA/B radiation
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(housing type) (days) observations

House et al. Pekin duck 0-35 * LED Day 1-10: 20 lux - UVA lighting had no effect on body weight,

(20200) (experimental floor  LED + WA Day 11-35: 5 lux feed conversion efficiency, or gait; however, it
pens) decreased stress and fear responses

Lietal (2014) Korean quail 3-38 * UV-0 (control) Day 0-9: 30 lux - The most efficient intensity of UVB exposure
(experimental * UVB-1 (1.4 pW/em?) Day 10-38: 20 lux was 1.4 wW/em? for 1h to improve immune
cages) * UVB-2 (2.8 pW/em?) responses and carcass characteristics

* UVB-3 (5.6 pW/em?)
* UVB-4 (8.4 pW/om?)

Smith et al. (2005)  Japanese quail 1-21 o FL - - UV light had no impact during rearing of quail
(experimental floor o FL+UVA as it did not affect stress responses as
pens) indicated by behavior and plasma

corticosterone concentrations

Moinard et al. Turkey 05wk Exp.1: 5+0810+08lux,and5 - FL of either intensity reduced tail and wing

(2001) (experimental floor © 1L+ UVA (6/10 lux) +0.3/10 £ 03 lux, injuries due to pecking behaviors compared

(2 experiments) pens) o FL+ UVA (5/10 lux) respectively; UVA imadiance  with IL.

intensity 0.16 W/m? (under - The incidence of injuries was positively
the tube) correlated with intensity of FL

Exp.2: 5+03,10£03,36 - Turkeys can be housed under FL up to 10

o FL+UVA (5 lux) 1.2,and 70 £ 1.9 lux, lux, if enrichments including supplemental

© FL + UVA (10 1ux) respectively; UVA imadiance  UVA light are also provided

© FL + UVA (36 1ux) intensity 0.16 W/m? (under

o FL+ UVA (70 lux) the tube)

Lewis et al. Turkey 0-20wk o IL (and/or EE) + UVA UVAiradiance intensityat - UV supplementation did not affect body

(20002) (experimental floor * FL (and/or EE) + UVA floor level between weight, feed intake, feed conversion efficiency,

(A series of 6 pens) 0.06-0.16 W/m? and leg integrity

experiments) - UV supplementation did interact with white

light intensity and environmental enrichment
to reduce culing resulting from
injurious pecking

Moinard and Turkey 05wk e FL 15 lux, UVA irradiance - Birds preferred a supplementary UV chamber

Sherwin (1999) (fioor pens and © FL+UVA intensity 0.0117 W/m? and than a UV-deficient lighting environment
choice chambers) UVB imadiance intensity - The preference was stronger in birds raised

0.0001 W/m? in UV without UV supplementation suggesting
supplemented home pens. novelty may have contributed to preferences
Whereas, 0.028 W/m? UVA

imadiance intensity in UV

supplemented choice

chambers

Sherwin et al Turkey 0-35 * IL (continuous) 5 lux, UVA irradiance - Turkeys reared with environmental

(1999) (experimental floor * IL (intermittent) intensity 0.16 W/m? (under enrichment including UV supplementation
pens) o IL+EE + UVA the tube) showed fewer pecking injuries

. FL

LED, Light emitting diodes; FL, Fluorescent light; IL, Incandescent ight; NL, Naturalight; UVA, Uttraviolet A; UVB, Ultraviolet B; UVA/B, Ultraviolet A and B; EE, Environmental enrichments
(visual barriers, straw, and pecking substrates). a Light intensity and UV imadlance intensity, and percentage (%) of UV outputs are not presented if unspecified in the original paper.
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References Strain (housing  Age Light treatments® Light intensity® Health, growth, and physiological

type) (wk) observations
Weietal. (2020)  Jingfen 68-75  + LEDwhite 15 lux and 27 W UVB - Bone mineral density of hens decreased
(experimental « LED+UVB(1h) iradiance intensity at a over time (age) under LED white light, but
cages) © LED + UVB (2h) distance of 20cm significantly increased with LED + UVB (2h)
© LED + UVB (3h) and LED + UVB (3h) lights

- 7-DHC was significantly reduced across all
durations of UVB exposure relative to the
control group but no significant changes in
plasma Ca, P, 1,25(0H)2Ds, or 25(0H)Ds

Spinder et al. Lohmann Brown 148 . FL Rearing phase, both - The mean body weights of FL group hens
(2020) (commercial © FL+ UVA (4-5%) treatments (1-6 wk): 26-28  were heavier than FL + UVA hens across age
aviary) lux during the laying cycle
Growing phase, both - The FL group had higher mortality than the

treatments (7-17 wk): FL + UVA hens
26-27 lux

Laying phase, both
treatments (18-25 wk):
60-64 lux

Production phase, both
treatments (27-48 wk): light
intensity gradually reduced
t0 2.4 lux until 48 wk then
UVA lights were turned off

Kihnetal (2015)  LohmannBrown — 26-82 e NoUVB (Contro) 76 pW/em? UVB irradiance - Plasma concentrations of 1,25(0H)2Ds and
(experimental « Dally UVB (8%) exposure  intensity at a distance of 25(0H)Ds, and 7-DHC were not affected by
cages) of 15,30, 60, 120,180, ~ 20cm UVB treatment. There was a strong effect of

and 300 min UVB exposure on vitamin Ds in unfeathered
leg skin. UVB did not affect feed intake and
body weight gain

Schutkowskietal.  Lohmann 2783 e (VitDg) + (HUVB) 30 lux, 76 pW/om? UVB - (HUVB  strongly increased the plasma

(2013) (experimental © (+Vit D3) + (FUVB) irradiance intensity at a concentration of 25(0H)Ds in hens fed the ()
cages) © (VitDy) + (+UVB 8%,  distance of 20cm Vit Dy diet but had minimal effect on plasma

3h) 1,25(0H)2D5 concentrations

© (+Vit Dg) + (+UVB - Dietary vitamin D3 and UVB exposure did not

8%, 3h) affect Ca and inorganic phosphate plasma
concentrations, but UVB increased vitamin D
content in skeletal muscle. UVB increased
tiblal bone breaking strength in (<) Vit D3 hens
only

- Both UVB light and/or dietary vitamin Ds did

not affect body weight

Lietzow et al. Lohmann White 3642+ (-Vit Dg) + (-UVB) 20-30 lux, 15 pW/em2 UVB - Dietary vitamin Ds had a significant effect

(2012) (experimental © (VitD)+ (+UVB, 1) iadiance intensity at on the plasma concentration of 25(OH)D,
cages)  (+Vit D3) + (FUVB) distance of 50cm 1,25(0H)2D3, and Ca; though additional UVB

© (+Vit Dg) + (+UVB, 1h) slightly improved 25(0H)Ds content
- Hens of (+Vit D) -+ (+UVB) group had higher
final body weights compared to other groups

Gongruttananun  Thai-native 18-44 o DL+FL(4h) 583.4, 440.2, and 74.2lux, - No significant differences in eye morphology

(011) (experimental floor o DL + LED Red (4h) respectively or body weight gain across light treatment
pens)  LEDRed groups

LED, Light emitting dlodes; FL, Fluorescent light; IL, Incandescent light; DL, Deylight; UVA, Ultraviolet A; UVB, Ulraviolet B; UVA/B, Ultraviolet A and B; *Where the supplemental UV
light was discontinuous across the light period, the hours (h) of supplementation are incluced within the brackets. PLight intensity and UV irraciiance intensity, and percentage (%) of UV
outputs are not presented if unspecified in the original paper.
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Weietal. (2020 Jingfen 68-75 * LED white 15 lux and 27 pW UVB - Egg production increased in LED + UVB (2h)
(experimental © LED +UVB(1h) irradiance intensity at a and LED + UVB (3h) treatments
cages) * LED +UVB 2h) distance of 20cm - UVB light supplementation had no effect on

LED + UVB (3h) egg weights and eggshellthickness, but it
decreased eggshell strength

Sobotik et al. White Leghorn 1872 LED (white and red) 4 foot-candles at feeder - Additional UVA did not affect feed

(2020) (commercial-style © LED + UVA level conversion, egg weight, and egg quality traits
cage)

Spinder et al. Lohmann Brown  1-48 o FL Rearing phase, both - No differences were observed in egg

(2020) (commercial o FL+ UVA (4-6%) treatments (1-6 wk): 2528 production between the light treatments
aviary) lux

Growing phase, both
treatments (7-17 wk):
25-27 lux

Laying phase, both
treatments (18-25 wk):
60-64 lux

Production phase, both
treatments (27-48 wk): light
intensity gradually reduced
10.2.4 lux until 48 wk then
UVA lights were turned off

Kiinnetal. (2019)  Lohmann Selected ~ 26-37 o FL 25 uW/om? UVB imadiance - Eggs of both UVB treatment groups had
(2 experiments) Leghorns, and  FL+UVA/B (6h) intensity for the UVA/B light,  higher 25(OH)Dg contents; however, FL +
Lohmann Brown © FL+UVB (3h) and 49 pW/om? for UVB UVB (6 ) light regimen was the most effective
(experimental floor © FL+UVB (6h) lights at a distance of 20cm  for vitamin Dg increases in egg yolk
pens) - UVB light did not influence egg quality traits
Lohmann Selected  28-34 © FL+UVB (6h) 49 pW/om? irradiance - No effect of stocking density on 25(0H)Ds
Leghorns « 2 Cage stocking densities  intensity for UVB lights at content
(commercial distance of 20cm - 25(OH)Ds content increased after 6 wk
fumnished cages) exposure, but not after just 3 wk exposure
Kihnetal. (2015)  Lohmann Brown — 26-32 * No UVB (Control) 76 pW/om? iradiance - UVB exposure did not affect egg production
(experimental « Daily UVB (8%) exposure  intensity for UVB light at a and eggshell quality
cages) of 15,30, 60, 120, 180, distance of 20cm - Vitamin D5 content in egg yolk increased
and 300 min asymptotically with UVB exposure time
- VB exposure of 60 min/d resulted in the
maximurn level of 25(OH)Ds content in the.
egg yolk but 7-DHG yolk content was.
not affected
Schutkowskietal.  Lohmann 27-33 * (-Vit Dg) + (UVB) 30 lux, 76 pW/om? UVB - Egg production was similar between  the
(2013) (experimental  (+Vit Dg) + (-UVB) iradiance intensity at a treatment groups except for a slight drop in
cages)  (-VitDg) + (+UVB,3h)  distance of 20cm production in (-Vit Dg) + (-UVB) group
* (+Vit D) + (+UVB, 3h) - Ditary vitamin Ds and UVB had positive
effects on eggshell thickness
- Dietary vitamin D3 and UVB supplementation
both increased vitamin D content in egg yolk
where UVB was more effective than the
dietary vitamin Ds, There was an additive
effect of UVB and -+Vit Dg on 25(0H)Ds in
egg yolks
Lietzow et al Lohmann White ~ 36-42 o (-Vit Dg) + (-UVB) 20-30 lux, 15 pW/em? UVB - UVB and/or dietary vitamin Ds did not improve
(2012) (experimental  (-VitDg) + (+UVB, 1h) irradiance intensity at egg production rate and eggshell qualty
cages)  (+Vit Dg) + (-UVB) distance of 50cm during the first 2 weeks of the experiment
 (+Vit Dg) + (+UVB, 1h) - Overall, vitamin D hens had the highest egg
production and UVB exposure did not further
increase this
- Egg weights were lowest in the (-Vit Dg) +
(-UVB) group
- Vitamin D3 and 25(OH)D; in egg yolk were
affected by dietary vitamin Ds rather than
UVB exposure
- Dietary vitamin D; affected eggshel
thickness and stability, UVB exposure had no
additional impact
Gongruttananun  Thai-native 18-44 e DL+FL@AhDL+LED  5834,4402,and74.2lux, - Pullets reared under the LED Red and DL
(@011) (experimental floor Red (4 h) respectively + LED Red light started to lay eggs eariier.
pens) * LED Red However, the LED Red light group had higher
serum estradiol concentrations 2 weeks after
photo-stimulation
- Treatments did not differ in total egg
production, and egg quality; although the
number of eggs in the first 8 weeks of the
laying cycle was higher under the LED
Red group
Lewisetal. (2007)  Ross 508 Broiler ~ 1-60 « FL(10W) Rearing phase (1-20wK: - Birds under FL (10W) light matured at least 2
breeder « FL(40W) 101,40£3.1,100 £ days later and had an inferior rate of lay over
(experimental floor « FL(100W) 9.1,and 10 £ 0.8 lux, the cycle
pens)  FL(10W) + UA/B respectively - FL (10W) + UVA/B birds had significantly
Laying phase (20-60 wk): higher terminal egg production than the other
Birds of all treatments groups but was suggested to be via hormonal
housed in open-sided floor control of photo refractoriness
house and 8h lighting using - Rearing treatment lights did not affect mean
FL (40W). egg weight, egg mass output, and
0.006 W/m? of UVA and extra-large egg production
0.001 W/m? of UVB
iradiance intensity at 20cm
above the floor
Jones etal. (2001)  Ross 508 Broler  29-34 o FL 5070 lux - UVAlights had no significant effect on egg
breeder o FL+UVA production, but more cracked eggs were
(experimental floor observed under the FL + UVA
pens)
Lewis et al. ISA Brown 159-196  « IL(8h) 49,7.4,and8.8luxand WV - Supplemental UVA/B radiation or VDV light
(2000b) (experimental (days) o IL(8h) + VDV (8h) imadiance intensity (between  did not affect the mean oviposition time
(2 experiments) cages) « IL(8h) + UVA/B (8h) source and feed trough)
o IL(16h) 0.09, 0.13 and 0.19 W/m?
(at bottom, midde, top tiers,
respectively)
1SA Brown 25-29 « IL(16h) Same as above - The timing of UVA/B supplementation did not
(experimental o IL(8h) + UVA/B (00:00 to affect oviposition time or entrain egg-laying
cages) 12:00, 8h) behavior
« IL(8h) + UVA/B (12:00 to
24:00, 8h)
Hogsette et al White Leghorn 51-66 o FL - - UVA exposure did not affect egg fertiity,
(1997) (experimental (Exp.1) o FL+ UVA frominsect trap hatchabity, and production performance
(2 experiments) cages) 28-76

Exp.2)

LED, Light emitting diodes; FL, Fluorescent light; IL, Incandescent light; DL, Daylight; VDV, Very dim visible light; UVA, Ultraviolet A; UVB, Ultraviolet B; UVA/B, Ultraviolet A and B;
“Where the supplemental UV light was discontinuous across the light period, the hours (h) of supplementation are incluced within the brackets. ® Light intensity and UV irraiance
intensity, and percentage (%) of UV outputs are not presented if unspecified in the original paper.
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Strain (housing
type)

Bovans Robust
(experimental floor
pens including
choice pens)

ISA Brown
(ehoice chambers)

White Leghorn
(commercial-style
cage)

Lohmann Brown
(commercial
aviary)

Lohmann Selected
Leghorns, and
Lohmann Brown
(experimental floor
pens)

White Leghorn
(choice chambers)

Lohmann Brown
(experimental
cages)

Lohmann White
(experimental
cages)

Thai-native
(experimental floor
pens)

Lohmann
(experimental floor
pens)

Ross 508 Broler
breeder
(experimental floor
pens)

Ross 508 Brofer
breeder

(mate choice
maze)

ISA Brown
(experimental
cages)

Age
(wk)

0-27

44-53

18-72

1-48

26-37

Day
old-8
days

27-33

36-42

18-44

Day

old—-28

29-34

287

25-29

Light treatments®

LED white
LED white + UVA
(daylight)

RGB LED + UVA
(forest light)

LED white vs. LED white
+VIS 2 h)

LED white vs. LED white
+UVA@2h)

LED white vs. LED white
+UVAB (2 h)

LED (white and red)
LED + UWVA

FL
FL + UVA (4-5%)

FL

FL + UVA/B (6h)
FL+UVB 3h)
FL+ UVB (6h)

LED Dim-to-Blue vs. LED
+ UVA (%)

LED Dim-to-Blue vs. LED
+ UVA (10%)

LED Dim-to-Blue vs. LED
+ UVA (15%)

(-Vit Dg) + (-UVB)

(+Vit D) + (-UVB)

(-Vit Dg) + (+UVB 8%,
3h)

(+Vit Dg) + (+UVB

8%, 3h)

(-Vit Dg) + (-UVB)

(-Vit Dg) + (+UVB, 1h)
(+Vit Dg) + (-UVB)

(+Vit Dg) + (+UVB, 1h)
DL+ FL (4h)

DL + LED Red (4 h)

LED Red

IL (halogen bulb)
IL (halogen buibs) + UVA

FL
FL 4 UVA (16.9%)

FL + UVA (1.6%)

FL + UVA (14.6%)

FL + UVA (435%)

FL + UVA (57.5%)
IL(16h)

IL (8h) + UVA/B (00:00 to
12:00, 8h)

IL (8h) + UVA/B (12:00 to
24:00, 8h)

Light intensity®

7.9+10,10.9% 1.4, and
83 0,05 lux, respectively

20.3 % 2.1 lux for LED white
as control, and LED + VIS,
LED + UVA, and LED +
UVA/B were tested at low,
medium and high intensities
over the LED white

4 foot-candles at feeder
level

Rearing phase, both
treatments (1-6 wk): 25-28
lux

Growing phase, both
treatments (717 wk):
25-27 lux

Laying phase, both
treatments (18-25 wk):
60-64 lux

Production phase, both
treatments (2748 wk): light
intensity gradually reduced
10 2.4 lux until 48 week then
UVA lights were turned off
25 uW/om? UVB iradiance
intensity for the UVA/B light,
and 49 pW/cm? for UVB
lights at a distance of 20cm

Day 1-3: 30-50 lux
Day 4-7: 30-50 lux
Day 8: 25 lux

30 lux, 76 pW/em? UVB
iradiance intensity at a
distance of 20cm

20-80 lux, 16 pW/cm? UVB
iradiance intensity at a
distance of 50cm

583.4, 440.2, and 74.2 lux,
respectively

50-70 lux

50-70 lux

49,7.4,and 8.8 luxand UV
iradiance intensity (between
source and feed trough)
0.09,0.13, and 0.19 W/m?
(at bottom, middle, top tiers,
respectively)

Behavior and welfare observations

Birds preferred forest light over the LED white
lighting

More active behaviors (foraging, locomotion,
and standing) were observed in daylight
and forest light than LED white light during
preference tests. But no behavioral differences
observed in the home pens

Birds under daylight had better plumage than
birds under forest light

Hens spent more time under the UV
supplemented LED light over the UV-deficient
LED light

Birds had preferences for both low intensity
of LED + UVA/B and LED + VIS light,
medium intensity of both UVA and UVA/B
supplemented LED light over LED white
More foraging, preening and ground pecking
behaviors were observed under low intensity
of LED + UVA/B light, but feed intake
decreased under LED + UVA light treatments

LED + UVA reduced fear behaviors and
physiological stress parameters

FL + UVA did not affect plumage condition
until hens started laying

Plumage damage increased steadly with age
due to increasing feather pecking behaviors
and skin injuries in FL + UVA hens during the
production phase

UVB light had no positive or detrimental
effect on feather pecking behaviors, and no
preferences exhibited for different lighting
environments.

Chicks spent a greater amount of time under
LED + UVA (156%), least under LED + UVA
(5%), and comparable time was spent under
LED -+ UVA (10%) relative to control ighting
Feed intake increased under LED + UVA
(15%) relative to control ighting

Both UV light and/or dietary vitamin s did
not affect daily food intake, and no behavioral
abnormalities were observed due to UVB
exposure

Dietary vitamin Dg and UVB exposure
treatments did not affect daily food intake,
however, feed intake decreased under the
(-Vit Dg) + ( ~UVB) treatment group

Light treatments had no effect on daily feed
intake

Higher basal corticosterone levels under IL
light than under IL + UVA

Birds tended to perform more exploratory
behaviors under IL + UVA

FL + UVA lighting environment increased
birds’ mating attempts and locomotor activity

The amount of UVA light affected the time
hens spent inspecting cockerels

Daily food intake was suppressed under
UVA/B supplemented lighting conditions
compared to IL

LED, Light emitting diodies; FL, Fiuorescent ight; IL, Incandescent light; DL, Dylight; RGB LED, Red-Green-Blue LED; VDV, Very dim visible light; VIS, Visible ight representing a dayiight
spectrum minus UV wavelengths; UVA, Ultraviolet A; UVB, Ultraviolet B; UVA/B, Ultraviolet A and B; *Where the supplemental UV ight was discontinuous across the light period, the
hours () of supplementation are included within the brackets. ®Light intensity and UV iiradiance intensity, and percentage (%) of UV outputs are not presented if unspecified in the
original paper. ? indicates that this information was not found in the reviewed study.
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