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			Abstract | Light exposure during avian incubation has emerged as a key environmental factor capable of modulating embryonic development, hatching traits, and post-hatch performance. This review synthesizes current knowledge on the mechanisms of embryonic photoreception, including the roles of retinal and deep-brain photoreceptors, melatonin rhythms, and downstream endocrine pathways involved in growth, stress regulation, and circadian entrainment. A comprehensive literature search was conducted via several databases, such as Google Scholar and Scopus. Studies were selected based on experimental manipulation of light wavelength, photoperiod, or intensity during incubation and reported embryonic, hatching, physiological, behavioral, or post-hatch outcomes. Across species, green and blue wavelengths consistently stimulate somatotropic axis activation and myogenic proliferation, leading to accelerated post-hatch growth. However, their influence on hatchability remains inconsistent across studies, with outcomes ranging from positive to neutral or even negative depending on experimental parameters. In contrast, red and white light predominantly modulate melatonin secretion, immune function, and stress physiology. Lighted incubation not only modulates embryo development, organogenesis, and hatch window dynamics but also shapes post-hatch traits such as feed efficiency, carcass yield, bone development, behavior, and fear responses. However, substantial variation exists among studies due to differences in light regimens, strain-specific sensitivity, and interactions with temperature and humidity. Despite promising evidence, commercial adoption remains limited owing to uncertainties regarding optimal lighting protocols, potential thermal interactions, and cost–benefit considerations in large-scale hatcheries. Overall, light should be considered not merely an external physical parameter but a powerful biological cue capable of programming avian development. Standardization of lighting protocols, integration with precision incubation systems, and multidisciplinary industry–research collaboration are essential to fully exploit lighted incubation as a tool for sustainable improvement of poultry welfare, productivity, and robustness.
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			Introduction

			Poultry productivity is closely tied to embryonic and post-hatch development, making optimal incubation conditions fundamental for achieving desirable performance outcomes. Post-hatch growth, skeletal muscle development, and meat quality depend significantly on both egg storage conditions and incubation parameters, such as relative humidity, temperature, ventilation, lighting, egg turning, delayed access to feed, in ovo feeding, and oxygen density (Tona et al., 2022; Wang et al., 2022). Egg fertility and management of both setters and hatcheries can also affect hatchability (Araújo et al., 2016).

			In addition to specific incubation conditions, hatchery type has a considerable impact on hatchability and post-hatch outcomes. Multistage and single-stage incubators are commonly used in commercial settings. Multistage systems tend to exhibit higher embryo mortality, more live and dead pipped chicks, and a greater number of cracked eggs, partly due to transportation-related stress (Mesquita et al., 2021). The increased mortality in multistage incubators is often attributed to elevated temperatures caused by heat transfer from older to younger embryos as the system attempts to maintain thermal balance (Araújo et al., 2016). Despite these drawbacks, multistage machines reduce overall incubation energy consumption because they rely on embryo-derived heat, making them relatively cost-efficient. Conversely, single-stage incubators typically provide higher hatchability, a more uniform hatch window, and better chick physical quality (Araújo et al., 2016; Mesquita et al., 2021). Because all eggs are at the same developmental stage, incubation conditions can be precisely adjusted to the embryo’s requirements (Araújo et al., 2016). In addition, single-stage units can be completely emptied after each hatch, allowing for thorough cleaning and disinfection and thus improving sanitation (Mesquita et al., 2021).

			Achieving optimal hatchability requires meeting all critical incubation conditions, particularly temperature and lighting, regardless of hatchery type. Incubation temperature and lighting play central roles in embryonic development and post-hatch physiology. For example, pineal aralkylamine N-acetyltransferase, the rate-limiting enzyme in melatonin synthesis, is regulated by both light exposure and temperature (Yalcin et al., 2022). The optimal incubation temperature for maximizing hatchability is 37.5-37.8 ºC. Wijnen et al. (2020) reported that an eggshell temperature of 38.9 ºC during week 2 increased post-hatch chick length and lowered blood glucose compared to 37.8 ºC, whereas an eggshell temperature of 36.7 ºC during the third week reduced post-hatch chick length, body weight, average daily gain, and feed intake, and increased blood glucose, heart, and stomach weight.

			Lighting during incubation influences the intra-egg environment and shapes post-natal physiological responses. Permanent darkness acts as a stressor, reducing hatchability and impairing post-hatch performance (Riaz et al., 2024). Photostimulation can affect hatchability, the hatch window, the percentage of fertile eggs that hatch, post-hatch growth, chick quality, stress susceptibility, welfare indicators, and economic outcomes (Seremet and Bayraktar, 2021; Riaz et al., 2024).

			Incubation lighting also modulates embryonic development, physiological traits, stress responses, fear-related behavior, spatial abilities, and cognitive performance (Yalcin et al., 2022; Riaz et al., 2024). Furthermore, embryonic hemispheric lateralization, circadian entrainment, and establishment of melatonin rhythm (key factors influencing thermoregulation) are all dependent on light exposure (Yalcin et al., 2022). Intermittent light for 12 hours per day improves hatching traits, meat quality, and blood biochemical parameters (Yameen et al., 2020). White light-emitting diodes (LED; 5000K; 250 lux) provided for 12 or 24 h during incubation enhances hatchability, narrows the hatch window, increases the hatch-to-fertile percentage, and improves carcass yield (Riaz et al., 2021). Similarly, 12 hours of LED light at 250 lux reduces embryonic mortality, the incidence of dead germs and dead-in-shell embryos, as well as improving feed conversion ratio (FCR) and stress susceptibility indicators such as physical asymmetry and heterophil-to-lymphocyte (H/L) ratio (Riaz et al., 2024).

			Light wavelength also affects hatching and post-hatching performance, as avian embryos respond sensitively to spectral differences. Approximately 98.2% of incident light is absorbed by the eggshell, and only a small fraction reaches the embryo (Yameen et al., 2020). In avian species, stimulation of the light-sensitive pineal gland enhances embryonic growth and shortens incubation time when exposed to certain wavelengths and intensities. Embryonic exposure to light promotes post-hatch performance and welfare, although high light intensity may decrease chick weight (Tainika and Bayraktar, 2022). Green light during incubation enhances muscle development and weight gain, whereas red and white light generally improve hatchability (Tainika and Bayraktar, 2022). Incubation light wavelengths significantly shape development. Red light exposure during the dark phase (scotophase) enhances immune health lowering air cell temperature while boosting melatonin secretion, IgG levels, and the expression of immune genes like AvBD-1 and IL-6. Conversely, white or blue light prioritizes physical growth, leading to higher feed consumption and increased body weight (Li et al., 2021a, b; Kankova et al., 2022). Green light reduces serotonin concentration, increases age-related pecking behavior, and upregulates hypothalamic 5-HTT expression, whereas white light increases CRH, 5-HTR1A, and 5-HTR1B expression (Özkan et al., 2022). Green light exposure for 12 hours shortens incubation time, increases serum insulin-like growth factor 1 (IGF-1), increases relative liver weight, and modifies pineal gland follicle size and structure. It also alters arylalkylamine N-acetyltransferase (AANAT), brain/muscle ARNT-like-1 (BMAL1), circadian locomotor output cycles kaput (CLOCK), and cryptochrome-1 (CRY1) expression (Wang et al., 2021). Providing green LED light at 0.1 W/m2 from day 18 to hatch increases somatotropic axis expression (Dishon et al., 2021).

			Beyond wavelength, light intensity, and specific light combinations exert distinct effects. In quail, 250 lux of green light reduces embryonic mortality and improves chick spread, growth performance, pre-slaughter weight, and carcass weight, compared with 150 or 350 lux (Ali et al., 2023). A combination of green and red light at 250 lux enhances hatchability, late-stage embryonic survival, chick spread, growth performance, serum chemistry, and carcass traits relative to a green-blue or blue-red combination (Safwan et al., 2023). Although many studies report positive effects of incubation lighting on hatchability and post-hatch performance, findings are not fully consistent. For example, Riaz et al. (2024) reported no significant effects of white, green, or red LEDs on pre-hatch development, post-hatch growth, production traits, or welfare. However, the inconsistency in literature regarding the effects of illuminated incubation comes down to a complex web of biological, environmental, and methodological variables that differ from one study to another.

			This review aims to synthesize current evidence on LED lighting, spectral wavelengths, and intensities during incubation to clarify optimal lighting conditions for maximizing hatchability and post-hatch performance. To ensure a comprehensive and unbiased synthesis of the existing evidence, a structured literature search was conducted prior to drafting this review. Scientific articles were identified through major academic databases, including PubMed, Web of Science, Scopus, and Google Scholar. The systematic search targeted original research articles published between 2000 and 2025. However, classic foundational studies, international technical guides (e.g., FAO, 2004), and essential textbook or review sources were manually retrieved and included to provide necessary physiological, historical, and methodological context, using combinations of the following keywords and Boolean operators: lighted incubation, avian embryo, poultry incubation lighting, LED incubation, embryonic development, hatchability, photostimulation, light wavelength, and post-hatch performance. Only peer-reviewed original research articles written in English were considered eligible. Reference lists of relevant publications were also screened manually to identify additional studies not captured in the database searches. Studies were included: (i) the effects of light exposure during incubation on embryonic development, hatchability, physiology, behavior, or post-hatch performance; or (ii) the influence of specific lighting parameters such as wavelength, intensity, photoperiod, or LED technology. Exclusion criteria included: studies not involving avian species, papers lacking experimental data (e.g., opinion pieces), conference abstracts without full text, and articles not providing clear incubation lighting protocols. No restrictions were applied regarding bird species, study design, or type of lighting system to ensure broad coverage of current knowledge.

			Embryogenesis in birds

			Avian embryogenesis is a complex process starting from fertilization to hatching (Yahav and Brake, 2014). Birds are oviparous, and fertilization within the female reproductive tract initiates embryonic development. A freshly laid egg exhibits low internal oxygen tension and depends on external heat to support development, but it contains most of the structural and nutritional components required for embryogenesis (Mueller et al., 2022). Atmospheric oxygen diffuses through microscopic pores in the eggshell, while water vapor and CO2 produced by the embryo diffuse outward (Lock et al., 2024). Incubation typically ranges from 21 to 42 days, depending on the species (FAO, 2004); it may occur naturally or artificially, with artificial incubation providing controlled conditions from oviposition to hatching (Abd El-Hack et al., 2022). Optimal artificial incubation conditions generally include 36 - 39 °C (species-dependent), 50-65 % relative humidity, an airflow of 0.4 m/s, and hourly egg turning to prevent adhesion of the embryo to the eggshell (Kosemani et al., 2025; Leaphart et al., 2025). 

			Key developmental milestones include blastoderm formation, organogenesis, and establishment of the circulatory system, which supports nutrient distribution and waste removal (Ribatti, 2022). Following fertilization, rapid cleavage produces a blastoderm that differentiates into three germ layers: ectoderm, mesoderm, and endoderm, the germ layers that give rise to all tissues and organs (Benchikh, 2024). Subsequently, organogenesis proceeds, the heart begins to beat, and the major systems, such as the musculoskeletal, nervous, and digestive systems, begin to take shape (Muhr et al., 2023). The yolk provides the primary nutrients and energy for embryonic development (Blackburn and Stewart, 2021), while albumen serves as an additional nutritional reservoir, and the shell and membranes regulate water loss and gas exchange. During early life, oviparous vertebrates are particularly vulnerable to environmental stressors due to limited parental protection (especially in poultry) and wide variability in incubation environments (Lock et al., 2024).

			Factors affecting embryogenesis

			Over the last decade, many studies have examined the effect of slight deviations from optimal incubation temperature (±1-1.5 °C) on embryonic development (Yalcin et al., 2022). Both elevated and reduced temperatures impair yolk sac absorption and yolk nutrient utilization by altering the expression of genes involved in digestion and absorption, ultimately compromising chick quality (Dayan et al., 2020). Moderate temperature fluctuations during embryonic development resulted in reduced hatchability, increased day-old chick (DOC) weight, and delayed hatching. Temperatures of 36-36.5°C on day 15 prolong external pipping and delay emergence, whereas early-stage exposure to 38.1°C reduces DOC weight and yolk sac mass, and increases chick length (Lin et al., 2017). Exposure to 38.6°C further decreases hatchability (Avşar et al., 2022). Conversely, Wijnen et al. (2020) showed that exposure to 38.9°C during week 2 accelerates embryo development, shortens the hatch window, and reduces incubation duration with no effect on DOC weight. Muir and Groves (2018) observed higher hatchability, more late-hatch chicks, and increased bone ash when eggs were incubated at 37.2°C to 37.8°C for 13 days.

			Along with temperature, humidity is also a key factor. Water loss during incubation must fall within an optimal range; losses below 9.1% or above 18.5% increase mortality (Lin et al., 2024). A relative humidity between 40 and 70% is generally recommended. Low humidity reduces chick body weight and can harden the chorion, making hatching difficult and lowering hatchability (Bruzual et al., 2000). Excessive humidity leads to early hatching and poor chick quality (Peebles, 2023). Ventilation is equally essential for regulating O2 uptake and CO2 removal; inadequate ventilation creates hypoxic and hypercapnic conditions detrimental to the embryo (Juá et al., 2024). Adequate O2 levels are vital for embryonic metabolic pathways; deficiencies induce hypoxia, which suppresses metabolic rates and impairs energy production due to low breathing rates and hinders cell proliferation, differentiation, and growth. In the case of artificial incubation, proper ventilation with an O2 level of 21% to 23% in the setter is recommended, with a lower CO2 level, as a high level of CO2 causes respiratory acidosis and disruption of acid-base balance in the developing embryo and may lead to embryo death (Juá et al., 2024).

			In the last decade, interest has increased regarding the role of light during avian embryonic development. Light exposure can influence physiology, post-hatch behavior, growth, cognitive ability, stress resilience, and fear responses (de Haas, 2020). These effects may be mediated by hemisphere lateralization and the entrainment of circadian rhythms before hatching (Yalcin et al., 2022). Although timing, duration, intensity, and spectral composition of light exposure exert significant effects during embryogenesis, there is still a need to deeply understand the effect of light on embryo development.

			Photoreception in the embryo

			Light exposure during embryonic development significantly influences hatching performance, embryonic growth, stress responsiveness, welfare, behavior, and overall post-hatch performance in poultry species (Yalcin et al., 2022). Avian embryos can perceive light as early as 2 days of incubation, with fully functional photoreception established by embryonic day (ED) 18 (Yalcin et al., 2022; Oso et al., 2023). Light perception during this period is mediated not only by retinal photoreceptors but also by extraretinal photoreceptors located in the pineal gland and hypothalamus, specifically within the paraventricular and the lateral septal areas (Surbhi and Kumar, 2015). These hypothalamic photoreceptors, commonly referred to as deep brain photoreceptors (DBPs), allow embryos to respond to light stimuli even before the visual system is fully developed (Yalcin et al., 2022).

			Retinal and pineal photoreceptors, activated according to the photoperiod, contribute to circadian regulation of physiology and behavior through melatonin secretion, whereas DBPs are implicated in longer-term seasonal and developmental regulation, including gonadal maturation and growth responses to photoperiodic cues (Surbhi and Kumar, 2015). These photoreceptors express a variety of opsins capable of detecting specific wavelengths and converting light signals into electrochemical impulses propagated through neural circuits to regulate downstream physiological pathways (Lee et al., 2021). Opsins expressed in the hypothalamus have been associated with regulation of the major endocrine axes: the hypothalamic-pituitary-adrenal (HPA), hypothalamic-pituitary-gonadal (HPG), and hypothalamic-pituitary-thyroid (HPT) axes (Özkan et al., 2022). Moreover, light exposure can influence embryonic neurological development from as early as embryonic day 3 (Sampaio et al., 2024). The embryonic response to light is therefore dependent on the timing, intensity, and spectral composition of the light provided.

			Light plays a central role in regulating the embryonic circadian rhythm, particularly through its effects on the pineal gland. Early exposure to light synchronizes the circadian clock by modulating pineal gene expression and establishing rhythmic melatonin secretion (Li et al., 2024a). The presence of light suppresses melatonin synthesis by inhibiting the enzyme arylalkylamine N-acetyltransferase (AANAT), which converts serotonin into melatonin. Conversely, during darkness, norepinephrine is released at pineal synapses, activating AANAT through phosphorylation of the cyclic adenosine monophosphate(cAMP)-responsive element-binding protein (CREB), ultimately increasing melatonin synthesis (Horodincu and Solcan, 2023). Photoreception is further mediated by the cAMP and cyclic guanosine monophosphate (cGMP), signaling pathways, which regulate circadian gene expression (e.g., CRY2) and microRNAs (e.g., gga-miR-34b-5p) essential for maintaining circadian rhythmicity (Li et al., 2024b).

			In the retina, melanopsin (Opn4) within intrinsically photosensitive retinal ganglion cells detects light and transmits circadian information to the brain (Pan et al., 2025). Although only 0.5 to 5% of these cells are intrinsically photosensitive, they generate electrical signals that are relayed to the suprachiasmatic nucleus (SCN) via the retinohypothalamic tract (RHT) (Ashton et al., 2022; Guarnieri, 2024). The SCN, acting as “master clock”, regulates circadian rhythms and influences downstream physiological systems, including the HPA axis, thereby modulating metabolic regulation, feeding behavior, and endocrine activity (Gu et al., 2021; Li et al., 2024a). Although the RHT is not fully developed in early embryonic stages, melanopsin-expressing retinal cells are still believed to mediate light detection and circadian entrainment.

			During the early embryonic stage, DBPs play a more predominant role than the retina in photoreception. Opsins, such as encephalopsin (Opn3), neuropsin (Opn5), and vertebrate ancient opsin (VA opsin), are expressed in the paraventricular organ (PVO) and other brain regions and enable the embryo to detect light independently of the eyes (Schöneberg, 2025). These opsins activate G-protein-coupled receptors (GPCRs), triggering intracellular signaling cascades (Yee et al., 2023). GPCRs activation leads to dissociation of G-protein subunits and initiation of the key pathways, including the phosphoinositide (PLC) and cAMP pathways (Chung and Wong, 2021; Li et al., 2024b). In the PLC pathway, hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) produces inositol trisphosphate (IP3) and diacylglycerol (DAG), promoting intracellular calcium release and protein kinase C (PKC) activation (Özkan et al., 2022; Liccardo et al., 2022). On the other hand, cAMP pathways activate protein kinase A (PKA) through adenylate cyclase-mediated conversion of ATP to cAMP (Chung and Wong, 2021). Both pathways lead to phosphorylation of transcription factors like cAMP and CREB, regulating circadian gene transcription, including CLOCK, BMAL1, PER, and CRY (Ashton et al., 2022). Through these mechanisms, avian embryos synchronize their physiological processes with environmental light cues, influencing developmental trajectories that extend into post-hatch life.

			Effect of light on hatching performance

			A growing body of evidence demonstrates that light exposure during incubation profoundly affects embryonic physiology, developmental trajectories, and hatching outcomes. The magnitude and direction of these effects depend on light wavelength, intensity, duration, and photoperiod, with green and blue wavelengths generally producing the most consistent improvements in embryonic growth, hatch timing, and physiological maturation, as summarized in Table 1.

			Table 1: Light’s effects on the physiology, growth, and behavior of avian embryos during the incubation period.

			
				
					
					
					
					
				
				
					
							
							Species/ Strains

						
							
							Condition

						
							
							Effects

						
							
							References

						
					

					
							
							Broiler 

						
							
							Continuous green light 

						
							
							Resulted in increased mitotic activity in satellite cells of pectoral muscles, Upregulation of the mRNA expression of specific myogenic regulatory factors (MyoD, myogenin, and myostatin) in the later embryo.

						
							
							Yalcin et al. (2022)

						
					

					
							
							Broiler

						
							
							Intermittent green light exposure on ED (15,16 and 18)

						
							
							Stimulated somatotropic axis and higher levels of GHRH, liver GHR, and IGF-1 genes and GH plasma levels.

						
							
							Dishon et al. (2021)

						
					

					
							
							Broiler 

						
							
							Continuous light 24 h L, 12L:12D, 24D

						
							
							Higher growth hormone level at day 0 of chick for 24 D than other treatments

						
							
							van der Pol et al. (2019)

						
					

					
							
							Broiler 

						
							
							12L:12D, white, red, green and blue light 

						
							
							Observed higher pineal melatonin during scotophase in green and white light and blue, with the lowest.

						
							
							Drozdová et al. (2021)

						
					

					
							
							Broiler 

						
							
							Continuous light exposure 

						
							
							Resulted in stimulation of pineal melatonin secretion and growth hormone synthesis. 

						
							
							Sampaio et al. (2024)

						
					

					
							
							
							
							Table continues on next page...............

						
					

					
							
							Species/ Strains

						
							
							Condition

						
							
							Effects

						
							
							References

						
					

					
							
							Broiler

						
							
							 (12L:12D) photoperiod of green light (ED1-ED18) 

						
							
							Light-exposed chicks hatched 3.4 h earlier than the control group. 

						
							
							Tong et al. (2018)

						
					

					
							
							Broiler

						
							
							Green light (50 lux)

						
							
							Increased thyroxine (T4) level. 

						
							
							Yu et al. (2018)

						
					

					
							
							Broiler 

						
							
							Exposure to red light during the incubation period 

						
							
							Higher gene expression of AvBD-1, increased local immune response in the gut.

						
							
							Kankova et al. (2022)

						
					

					
							
							Broiler 

						
							
							12L:12D white, fluorescent light

						
							
							Strong humoral immune response. 

						
							
							Yalcin et al. (2022)

						
					

					
							
							Beijing Young 

						
							
							12L:12D, Dark group with no light

						
							
							Higher globulin and lysozyme content, higher activities of glutathione peroxidase and superoxide dismutase, and lower malondialdehyde content.

						
							
							Geng et al. (2021)

						
					

					
							
							Broiler 

						
							
							Intermittent light from ED5-ED14, leading to continuous green light exposure 

						
							
							Up-regulation of Pax7and myostatin expression, an increase in the pectoral myogenic cell number and myogenic cells proliferation activity.

						
							
							Wang et al. (2021)

						
					

					
							
							Broiler 

						
							
							Light exposure for 0,12 and 24 h

						
							
							Significant improvement in hatch window, hatchability percentage, and hatch of fertile percentage. 

						
							
							Riaz et al. (2021)

						
					

					
							
							Brown layer 

						
							
							Green light exposure 

						
							
							Reduced serotonin level. 

						
							
							Özkan et al. (2022)

						
					

					
							
							Brown layer 

						
							
							16L:8D, green and white light 

						
							
							CRH, 5-HTR1A, and 5-HTR1B hypothalamic expression levels were higher in the white-lighted group. 

						
							
							Özkan et al. (2022)

						
					

					
							
							Developmental

						
							
					

					
							
							Broiler 

						
							
							Green light stimulation

						
							
							Significantly longer beak length and crown-rump of the embryo, longer third toe length. 

						
							
							Tong et al. (2018)

						
					

					
							
							Broiler 

						
							
							Green light (50 lux)

						
							
							Resulted in increased weight of embryo, body length, and hatchability (p < 0.001).

						
							
							Yu et al. (2018)

						
					

					
							
							Beijing You 

						
							
							12L:12D, Dark group with no light 

						
							
							Hatching rate increased in the light group (93.64%) compared to the dark group (87.22%).

						
							
							Geng et al. (2021)

						
					

					
							
							Broiler 

						
							
							Continuous light exposure

						
							
							Increased embryo-muscle weight. 

						
							
							Sampaio et al. (2024)

						
					

					
							
							Broiler 

						
							
							Continuous light 24 h L, 12L: 12D, 24D

						
							
							Lower embryonic ossification was observed in the 24 L treatment on days 13 and 14, lower femur length, decreased tibia tarsus weight, length, cortical area, and mean cortical thickness.

						
							
							van der Pol et al. (2019)

						
					

					
							
							Broiler 

						
							
							LED light of red and green color 

						
							
							Increased hatchability and improved chick quality. 

						
							
							Archer (2017)

						
					

					
							
							Broiler 

						
							
							Red light, blue light, and dark period

						
							
							Male chicks in the dark period had a higher weight of the bursa of fabricia than males in blue light. 

						
							
							Li et al. (2021b)

						
					

					
							
							Broiler

						
							
							(24D, 24L, 12L:12D) 

							Green, white and red light 

						
							
							With high-intensity exposure, chick weight on hatching decreased. The green light resulted in increased body weight, 12L:12D, and showed better leg health. 

						
							
							Tainika and Bayraktar (2022)

						
					

					
							
							Behavioral 

						
							
							
							
					

					
							
							Broiler 

						
							
							Combining light and thermal manipulation during incubation

						
							
							Improved resistance of chicks against heat stress, lower fear, improved spatial abilities, and cognitive functions.

						
							
							Yalcin et al. (2022)

						
					

					
							
							Broiler 

						
							
							Red and green light 

						
							
							This resulted in lower fear and stress susceptibility in chicks.

						
							
							Archer (2017)

						
					

					
							
							Broiler

						
							
							Light of red and blue color, and dark period 

						
							
							Light color exposure in embryos showed an influence on embryo response.

						
							
							Li et al. (2021a)

						
					

				
			

			The influence of incubation lighting on hatching performance is fundamentally driven by the activation of non-visual photoreceptors specifically inside the avian embryonic pineal gland and the retina which are responsive to light stimulation as early as the first week of incubation (Wang et al., 2021). Photoperiodic light exposure, particularly in the green and white spectra, upregulates the activity of the embryonic somatotropic axis, stimulating the expression of growth hormone and insulin-like growth factors (Dishon et al., 2017). This hormonal surge accelerates embryonic metabolism, cellular proliferation, and nutrient utilization from the yolk sac (Dayan et al., 2020). Furthermore, light stimulation enhances the rhythmic secretion of melatonin and activates the circadian clock network, which plays a pivotal role in synchronizing the developmental rate of the embryos within the incubator (Oso et al., 2023; Li et al., 2024b). On a physical level, this advanced physiological maturity promotes stronger embryonic muscle development and increases late-stage pipping activity, ultimately narrowing the hatch window and improving overall hatchability rates without compromising post-hatch chick quality (Tainika and Bayraktar, 2022; Yin et al., 2024).

			Light exposure consistently improves several morphological traits. Abdulateef et al. (2021) reported significantly higher embryo weight on day 19 in eggs incubated under red (33.55 g), blue (33.93 g), and green light (34.70 g) compared with complete darkness (30.00 g; p < 0.01). Their study also revealed a substantial enhancement in hatchability under green light (77.0%), which was significantly higher than blue (72.0%), red (69.0%), and dark incubation (66.7%). The same authors documented marked improvements in neurophysiological traits under photostimulation: Embryos incubated under green and blue light exhibited significantly larger neuron diameters (45.63 μm and 43.03 μm, respectively) and heavier brain weights compared with red light and dark incubation, suggesting wavelength-dependent modulation of neural development. These findings align with the notion that green and blue wavelengths penetrate the eggshell more effectively and exert a stronger influence on the central nervous system during critical periods of neuronal growth. 

			The stimulatory effects of green light on somatic development have been repeatedly confirmed. Rozenboim et al. (2004) demonstrated that green photostimulation increased yolk temperature in a time-dependent manner, with each minute of exposure raising yolk temperature by approximately 0.01% of baseline. Although continuous exposure caused persistent temperature elevations, an intermittent cycle (15 min light/ 15 min dark) prevented excessive thermal accumulation while preserving developmental benefits. Embryos incubated under intermittent green light showed higher body weight on embryonic days 14, 15, 17, and 20, together with a sustained increase in pectoralis major muscle percentage from day 9 to day 21 relative to dark incubation. These results reinforce the hypothesis that green light enhances muscle accretion via mechanisms linked to the somatotropic axis.

			Other studies corroborate the positive influence of green light on hatchability. Yameen et al. (2020) observed that eggs exposed to 12 h of light exhibited higher hatchability compared with those incubated in continuous darkness, along with reduced late embryonic mortality. Although 24 h of light increased moisture loss and altered mortality patterns, it nevertheless improved certain hatch window dynamics, with light-stimulated chicks emerging earlier during specific pre-hatch intervals. Differences among strains were also reported, highlighting the importance of genotype in modulating embryonic responses to photoperiod. Notably, eggs incubated with 12 h of light produced heavier chicks at hatch, while continuous light reduced chick weight at pull-time, suggesting a non-linear relationship between photoperiod and energy utilization during development. Riaz et al. (2024) similarly reported higher hatchability and hatch-of-fertile percentages under both 12 h and 24 h photoperiods compared with dark incubation, together with narrower hatch windows. Importantly, illuminated embryos exhibited lower heterophil-to-lymphocyte ratios and reduced physical asymmetry, indicating an improved pre-hatch stress response. These findings reinforce the concept that embryonic photostimulation not only accelerates developmental processes but also supports improved physiological resilience at hatch.

			The influence of lighting on endocrine regulation during late embryogenesis has been explored in detail by Tong et al. (2018), who compared illuminated and dark-incubated embryos under identical incubation conditions. Although overall hatchability of the focal chicks was higher in the control group when considering cumulative mortality, photostimulation advanced the mean hatch time by approximately 3.4 h, with a larger proportion of focal chicks hatching earlier than their dark-incubated counterparts. Hormonal analyses revealed that light exposure modified the temporal trajectories of melatonin (MT), corticosterone (CORT), and thyroid hormones (T3 and T4) during the 12:12 h light–dark cycle. While absolute concentrations were not consistently different between treatments at individual time points, light altered the rhythmic fluctuations of these hormones. For example, MT in the dark group sharply increased during the first 3 h of scotophase, whereas the light group showed a more gradual rise with a peak at 9 h. Similarly, T3 levels in light-exposed embryos were significantly higher during the illuminated period (p= 0.02), suggesting that photostimulation may facilitate earlier maturation of metabolic pathways. These endocrine modulations, although subtle, may contribute to the accelerated hatching observed in illuminated embryos.

			Importantly, not all studies have reported improvements in hatchability. Drozdová et al. (2021), for instance, found no significant differences in hatchability among red, white, green, and blue light treatments, despite reporting wavelength-specific effects on pineal melatonin synthesis. This inconsistency highlights the complexity of the system and suggests that experimental factors such as eggshell properties, breeder flock age, light intensity, and thermal environment may interact with photostimulation in determining hatchability outcomes.

			Taken together, the available evidence indicates that embryonic photostimulation consistently enhances growth trajectories and developmental maturity, particularly under green and blue wavelengths. However, improvements in hatchability are not universally observed and may depend on species, strain, photoperiod, and incubation conditions. The variability across studies underscores the necessity for standardized protocols that consider both the physiological sensitivity of the embryo to specific wavelengths and the potential interactions between lighting, temperature, and humidity.

			Effect of light on post-hatch growth performance 

			The enhancement of post-hatch growth performance via lighted incubation is primarily driven by the photostimulation of the embryonic somatotropic axis and the acceleration of muscle development. In ovo photoperiodic exposure particularly using green or white monochromatic light stimulates embryonic photoreceptors, triggering intracellular cascades that upregulate the expression of growth hormone (GH) and insulin-like growth factor-1 (IGF-1) genes (Dishon et al., 2017; Wang et al., 2021). This prenatal activation of the somatotropic axis enhances yolk sac nutrient absorption and energy utilization during the late incubation stage, providing a robust metabolic foundation for post-hatch vitality (Dayan et al., 2020; Lin et al., 2024). Furthermore, specific green light wavelengths penetrate the eggshell to stimulate myofiber hyperplasia by accelerating the proliferation and differentiation of muscle satellite cells during embryogenesis (Rozenboim et al., 2004; Wang et al., 2022). Consequently, chicks incubated under appropriate light regimes exhibit superior post-hatch feed consumption, efficient muscle accretion, and significantly higher early body weight gain compared to those incubated in continuous darkness (Riaz et al., 2021; Li et al., 2021b).

			Light exposure during incubation exerts marked effects on growth performance, physiological maturation, and carcass traits of poultry, although the magnitude and direction of these responses depend strongly on photoperiod, wavelength, and light intensity. Several studies indicate that appropriate photostimulation enhances feed efficiency and carcass traits without compromising general livability (Table 2). Riaz et al. (2021) reported that chicks incubated under 12 hours of light displayed significantly improved FCR compared with both 24 h light and dark incubation, despite the absence of differences in feed intake, body weight gain, or livability. Carcass yield also improved under illuminated incubation (Riaz et al., 2021), whereas leg quarter yield was higher in chicks originating from dark and 24 h light incubation compared with the 12 h group, suggesting that sustained or absent light may differentially direct nutrient partitioning during embryogenesis (Riaz et al., 2021). Studies involving different breeds corroborate this selective sensitivity. Yameen et al. (2020) found that 12 h light incubation produced chicks with significantly higher initial body weight than those incubated in the dark, while 24 h illumination produced the lowest chick weight.

			Table 2: Light and its effect during incubation on different species of poultry.

			
				
					
					
					
					
					
					
				
				
					
							
							Species/ strains

						
							
							Light color

						
							
							Duration (light: dark)

						
							
							Intensity

						
							
							Results

						
							
							References

						
					

					
							
							Broiler

						
							
							Green (LED)

						
							
							12L:12D

						
							
							100-130 lux 1200-1400 lux

						
							
							Longer beak, third toe length, and crown-rump length

						
							
							Tong et al. (2018)

						
					

					
							
							Broiler

						
							
							Red, blue, and green (LEDs)

						
							
							12L:12D

						
							
							0.1 W/m2

						
							
							Increased embryo weight, hatchability, and chick weight at 1 day of age.

						
							
							Abdulateef et al. (2021)

						
					

					
							
							Broiler

						
							
							Green (LED)

						
							
							15 mins on and 15 mins off

						
							
							0.1 W/m2

						
							
							Increased body weight and higher pectoral muscle.

						
							
							Rozenboim et al. (2004)

						
					

					
							
							Broiler

						
							
							Red and white light (LEDs)

						
							
							12L:12D

						
							
							0.04 W/m2

						
							
							Increased pineal melatonin biosynthesis during scotophase

						
							
							Drozdová et al. (2021)

						
					

					
							
							Broiler

						
							
							White light (LED)

						
							
							12L:12D

						
							
							250 lux

						
							
							Higher hatchability, hatch of fertile, improved FCR and carcass yield.

						
							
							Riaz et al. (2021)

						
					

					
							
							Broiler

						
							
							White light (LED)

						
							
							12L:12D

						
							
							250 lux

						
							
							Improved hatching traits.

						
							
							Yameen et al. (2020)

						
					

					
							
							Broiler

						
							
							Green and red (LEDs)

						
							
							24 hours till 18th day of incubation

						
							
							0.1-0.2 lux

						
							
							Improved hatchability.

						
							
							Tainika and Bayraktar (2022)

						
					

					
							
							Beijing You

						
							
							White (LED)

						
							
							12L:12D

						
							
							200 lux

						
							
							Higher hatchability, longer bones, improved certain serum immune and antioxidant indexes, and reduced leg issues.

						
							
							Geng et al. (2021)

						
					

					
							
							Broiler

						
							
							Green (LED)

						
							
							15 mins on and 15 mins off

						
							
							0.1 watt/m2

						
							
							Increased hypothalamic expression of GHRH and liver growth hormone receptor (GHR) levels.

						
							
							Dishon et al. (2017)
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							Species/ strains

						
							
							Light color

						
							
							Duration (light: dark)

						
							
							Intensity

						
							
							Results

						
							
							References

						
					

					
							
							Broiler

						
							
							Green

						
							
							16L:8D

						
							
							50 lux

						
							
							Increased chick length, weight, hatchability, testosterone, and T4 hormone levels.

						
							
							Yu et al. (2018)

						
					

					
							
							Broiler

						
							
							White (LED)

						
							
							12L:12D

						
							
							500 lux

						
							
							Improved leg health.

						
							
							van der Pol et al. (2019)

						
					

					
							
							Turkey

						
							
							Green

						
							
							24 hours till 28th day of incubation

						
							
							0.1 W/m2

						
							
							Improved body weight.

						
							
							Rozenboim et al. (2003)

						
					

					
							
							Layer

						
							
							White (incandescent)

						
							
							24 hours till 18th day of incubation

						
							
							60 W

						
							
							Better orientation to feeders.

						
							
							Chiandetti et al. (2013)

						
					

					
							
							Broiler

						
							
							Color rendering index 90

						
							
							12L:12D

						
							
							550 lux

						
							
							More feed intake, shorter latencies to leave the box during the emergence test and to right during the tonic immobility test, flapped their wings less intensely during the inversion test.

						
							
							Archer and Mench (2014)

						
					

					
							
							Broiler

						
							
							Green, red, and white (LEDs)

						
							
							24 hours till 21st day of incubation

						
							
							250 lux

						
							
							Lower plasma corticosterone and higher plasma serotonin concentrations.

						
							
							Archer (2017)

						
					

				
			

			Although chicks incubated in darkness showed the highest post-hatch feed intake, body weight gain, and livability, those exposed to 12 h light retained the most favorable FCR, supporting the hypothesis that moderate photoperiods facilitate more efficient metabolic programming. Strain differences further influenced these outcomes: Hubbard chicks exhibited higher initial chick weight, whereas Ross and Hubbard displayed superior body weight and FCR compared with Cobb strains (Yameen et al., 2020). These genotype-dependent interactions emphasize the need for tailored lighting strategies for specific commercial breeds.

			Beyond gross performance, light exposure modulates organ development and endocrine profiles. White light at 200 lux in Beijing-You chicken eggs improved long bone development, antioxidant status, and early leg health (Geng et al., 2021), although body weight and several organ weights at hatch remained unaffected. Nevertheless, relative brain weight approached significance (p= 0.052), suggesting potential neural sensitivity to photoperiod. Similarly, Abdulateef et al. (2021) observed that embryos incubated under green or blue light exhibited higher 1-day-old body weight than those from dark or red-light conditions, highlighting wavelength-specific neuroendocrine effects.

			Current research in ornithological science indicates that light sources and wavelengths profoundly affect bird performance, welfare, and physiology (Soliman et al., 2023; Abdel-Moneim et al., 2024). Dishon et al. (2017) demonstrated that intermittent green light (15 min cycles at 0.1 W/m2) significantly increased hypothalamic growth hormone-releasing hormone (GHRH) expression and hepatic growth hormone receptor abundance. Yu et al. (2018) reported that exposure to 50 lux green light for 16 h not only enhanced hatchling body weight and length but also elevated circulating T4 and testosterone concentrations, hormones strongly associated with growth acceleration. Red-light incubation has also been shown to improve body weight during days 18-21 post-hatch compared with blue light (Drozdová et al., 2021), underscoring the nuanced interactions between wavelength and physiological programming.

			Welfare-related traits and behavioral development are likewise strongly influenced by embryonic photostimulation. Early hemispheric lateralization induced by light exposure has been linked to improved attentional control, visual discrimination, and reduced fear responses. Chiandetti et al. (2013) observed that pullets incubated under incandescent light accessed feeders more efficiently than those incubated in darkness. Green-light incubation enhanced approach behavior towards humans at 400 lux (Kliphuis et al., 2024), whereas full-spectrum light at 550 lux increased feeding motivation shortly after dawn in broilers (Archer and Mench, 2014). Light also modulated neuroendocrine stress markers: green, red, and white light at 250 lux significantly increased plasma serotonin while reducing corticosterone in hatchlings compared with dark incubation (Archer, 2017). Behavioral resilience tests further confirmed these effects, with light-incubated chicks showing faster emergence, shorter tonic immobility, and reduced wing flapping during inversion compared with dark-incubated controls (Archer and Mench, 2014).

			Post-hatch musculoskeletal traits and leg health appear responsive to certain light regimens. Incubation under white light at 500 lux improved broiler leg health compared with dark incubation or lower-intensity schedules (van der Pol et al., 2019). However, studies differ on the extent to which photostimulation impacts bone morphology or gait score. While Riaz et al. (2021) found no differences in gait or feather score at day 35, Yameen et al. (2020) reported that chicks from 12 h and 24 h light incubation exhibited higher feather scores on day 15, though these differences disappeared by day 35. Physical asymmetry, an indicator of developmental instability, was highest in dark-incubated birds and lowest in 24 h light-exposed chicks, suggesting that continuous light may stabilize certain developmental processes even when other traits are negatively affected.

			It was observed that green, red, and white light at 250 lux during incubation of broiler eggs led to chicks with significantly higher plasma serotonin and lower plasma corticosterone concentrations than the chicks incubated in the dark, ultimately lowering fear and stress susceptibility (Archer, 2017). Similarly, broiler birds incubated under fluorescent light at 550 lux throughout the incubation quickly left the box during the emergence test, recovered quickly during the tonic immobility test, and flapped less intensely during the inversion test than the birds incubated under 12 hours of light given on the 14th day and the dark group. In the same study by Archer and Mench (2014), the broiler birds incubated under light vocalized the least during the isolation test compared to birds incubated in the dark.

			Carcass composition and meat quality traits are also modulated by light exposure. Yameen et al. (2020) documented that breast and thigh yields were significantly higher in chicks from 12 h light incubation, whereas abdominal fat was elevated in 24 h light–incubated birds. Carcass yield was greater in 0 h and 12 h light treatments than in 24 h, reinforcing the detrimental effect of continuous illumination on nutrient distribution. Meat quality traits responded selectively: shear force was higher in progeny from dark and 12 h light incubation, while color parameters (L*, a*, b*), a standardized color measurement system, varied with light duration and strain. Notably, meat redness at 24 h post-slaughter was significantly higher in the 12 h light group (Yameen et al., 2020), an indicator often associated with better consumer acceptability.

			Collectively, these findings indicate that intermediate photoperiods (particularly 12L:12D), moderate intensities (200-500 lux), and specific wavelengths (especially green light) consistently produce favorable growth performance, endocrine profiles, welfare indicators, and carcass characteristics. Conversely, continuous light (24 h) often impairs chick quality, reduces hatchling weight, increases late embryonic mortality, and contributes to excessive abdominal fat deposition. Dark incubation, while promoting feed intake and livability in some contexts, generally results in inferior FCR, impaired behavioral development, and heightened stress sensitivity.

			Practical applications and challenges in the poultry industry

			The integration of lighted incubation protocols into commercial hatchery systems presents both promising opportunities and substantial practical challenges. Although a large body of experimental research indicates that appropriate light stimulation can enhance embryonic development, improve hatchability, modulate endocrine and circadian programming, and promote favorable behavioral and welfare outcomes, the poultry industry still largely relies on dark incubation. This conservative approach stems from long-standing concerns regarding potential reductions in hatchability, increased energy expenditure associated with unwanted secondary heating, and the possibility that non-optimized lighting parameters may compromise chick performance rather than enhance it (Rozenboim et al., 2003). One of the major constraints limiting widespread adoption is the absence of standardized and universally applicable guidelines for light wavelength, photoperiod, and intensity across breeds and production types. Empirical studies have demonstrated that responses to light are influenced not only by the spectral properties of the source but also by species- and strain-specific differences, incubation equipment, shell pigmentation, and even parental flock age (Li et al., 2021a, b). As a consequence, protocols that are beneficial in one genetic line or management system do not necessarily yield the same results elsewhere, creating uncertainty for industry stakeholders. Another practical limitation involves the interaction between lighting and thermal regulation. 

			Several studies have shown that continuous or prolonged photostimulation, particularly with short wavelengths such as green light, can incrementally increase yolk temperature, potentially shifting the metabolic heat production profile of the embryo. In large-scale commercial setters, which operate with narrow thermal margins, even minor temperature deviations may translate into significant variation in hatch windows and chick quality if not carefully controlled. This necessitates the integration of lighting technologies that minimize heat emission, alongside ventilation and thermal compensation systems capable of counterbalancing subtle metabolic changes (Yin et al., 2024; Iwuchukwu et al., 2025). Light distribution within commercial incubators also poses technical challenges. Achieving uniform exposure across a high-density tray layout is difficult because eggs located at different positions within the setter receive unequal light intensities. Variability in shell thickness and pigmentation further affects light penetration, leading to inconsistent stimulation among embryos. Advanced LED systems, including embedded or fibre-optic illumination, have been proposed to address these limitations, but their implementation requires substantial infrastructural modification and cost investment.

			From an economic standpoint, hatcheries must balance the potential improvements in chick quality, welfare, and later performance against the initial cost of retrofitting incubation equipment with programmable LED modules and the risk that suboptimal parameterization may reduce productivity. The benefits reported in research settings, such as enhanced muscle development, improved stress resilience, or superior feed efficiency, must therefore be validated through large-scale, multi-flock trials to confirm their financial feasibility under commercial conditions.

			Despite these constraints, the increasing availability of energy-efficient LED technology and the growing emphasis on precision incubation have stimulated renewed interest in lighted incubation. As the industry progresses toward more welfare-oriented and data-driven production models, photostimulation may become an attractive tool for achieving predictable and favorable developmental outcomes. Collaborative research between academia, hatchery manufacturers, and integrators will be essential to establish species- and strain-tailored lighting guidelines, optimize integration with thermal and ventilation systems, and ensure consistent, reproducible benefits. Ultimately, addressing these challenges will be critical for the translation of experimental findings into scalable, commercially practical incubation strategies.

			Conclusions

			Light exposure during incubation acts as a potent biological cue that drives embryonic programming and shapes post-hatch success, modulating avian embryogenesis via distinct spectral pathways. While monochromatic green and blue wavelengths accelerate myogenic development, somatotropic signaling, and hatchability, red and white light profoundly influence melatonin dynamics, immune function, and stress responsiveness collectively enhancing structural development, behavioral phenotypes, and post-hatch adaptability. Despite these extensive biological benefits, widespread commercial adoption is restricted by unresolved optimal parameters for spectrum, photoperiod, and intensity across varying strains, species, and hatchery microclimates, alongside practical hurdles regarding energy costs, equipment engineering, and narrow thermal margins. The considerable variation in reported outcomes underscores the critical need to standardize experimental protocols to ensure reproducibility. Moving forward, the poultry industry must prioritize developing precision lighting systems aligned with temporal embryonic physiology, integrating photostimulation with broader incubation factors, and establishing an industry-aligned framework to generate evidence-based guidelines, ultimately leveraging lighted incubation to advance sustainable, welfare-oriented production.

			Acknowledgements

			All the authors of this manuscript earnestly acknowledge the support of their respective Universities and Institutes.

			Novelty Statement

			This review provides a comprehensive synthesis of recent advances in lighted incubation, bridging the gap between molecular mechanisms of avian photoreception (retinal and deep-brain pathways) and practical hatchery management. Unlike previous reviews, it critically evaluates how specific spectral wavelengths and photoperiods interact with physiological axes, embryonic metabolic programming, and post-hatch welfare, offering a roadmap for standardizing precision lighting protocols in commercial poultry production.

			Author’s Contribution

			SA: Designed and supervised the article. SA, KE-S, GB, and BM: Data collection and writing the original draft. SA, KE-S, GB, BM, UE, AM and MA: Writing and editing the final version. All authors have given approval to the final version of the manuscript.

			Funding 

			Not applicable.

			Data availability 

			Not applicable 

			Ethics approval 

			Not applicable.

			 

			Consent for publication 

			Not applicable.

			Generative AI and AI-assisted technology statemen 

			During the preparation of this work, the author(s), in some sentences, used Google Gemini, Grammarly, and ChatGPT in order to improve the readability and language of the manuscript. After using this tool/service, the author(s) reviewed and edited the content as needed and take full responsibility for the content of the publication.

			Conflict of interest

			The authors have declared no conflict of interest.

			References

			Abd El-Hack M, Hurtado C, Más Toro D, Alagawany M, Abdelfattah E, Elnesr S (2022). Impact of environmental and incubation factors on hatchability of duck eggs. Biol. Rhythm. Res., 53: 79-88. https://doi.org/10.1080/09291016.2019.1628394

			Abdel-Moneim AME, Siddiqui SA, Shehata AM, Biswas A, Abougabal MS, Kamal AM, Mesalam NM, Elsayed MA, Yang B, Ebeid TA, Teng X (2024). Impact of light wavelength on growth and welfare of broiler chickens.  Overview and future perspective. Ann. Anim. Sci., 24: 731-748. https://doi.org/10.2478/aoas-2023-0090

			Abdulateef SM, Al-Bayar MA, Majid AA, Shawkat SS, Tatar A, Al-Ani MQ (2021). Effect of exposure to different light colors on embryonic development and neurophysiological traits in the chick embryo. Vet. World, 14: 1284-1289. https://doi.org/10.14202/vetworld.2021.1284-1289

			Ali S, Sherzada S, Usman M, Khan EU, Rehman A, Riaz MF, Elahi U, Hussain M, Latif HRA, Saleem K, Ahmad S (2023). Impact of different light intensities to Japanese quail eggs on hatching results and post-hatch performance. Trop. Anim. Health Prod., 55: 365. https://doi.org/10.1007/s11250-023-03780-4

			Araújo ICS, Leandro NSM, Mesquita MA, Café MB, Mello HHC, Gonzales E (2016). Effect of incubator type and broiler breeder age on hatchability and chick quality. Rev. Bras. Cienc Avic., 18: 17-25. https://doi.org/10.1590/1806-9061-2015-0146

			Archer GS (2017). Exposing broiler eggs to green, red and white light during incubation. Animal, 11: 1203-1209. https://doi.org/10.1017/S1751731117000143

			Archer GS, Mench JA (2014). Natural incubation patterns and the effects of exposing eggs to light at various times during incubation on post-hatch fear and stress responses in broiler (meat) chickens. Appl. Anim. Behav. Sci., 152: 44-51. https://doi.org/10.1016/j.applanim.2013.12.010

			Ashton A, Foster RG, Jagannath A (2022). Photic Entrainment of the circadian system. Int. J. Mol. Sci., 23: 729. https://doi.org/10.3390/ijms23020729

			Avşar KO, Uçar A, Özlü S, Elibol O (2022). Effect of high eggshell temperature during the early period of incubation on hatchability, hatch time, residual yolk, and first-week broiler performance. J. Appl. Poult. Res., 31: 100197. https://doi.org/10.1016/j.japr.2021.100197

			Benchikh F (2024). Embryonic development intended for third-year Anim. Biol. Physiol., students. http://dspace.univ-setif.dz:8888/jspui/handle/123456789/4913

			Blackburn DG, Stewart JR (2021). Morphological research on amniote eggs and embryos: An introduction and historical retrospective. J. Morphol., 282: 1024-1046. https://doi.org/10.1002/jmor.21320

			Bruzual JJ, Peak SD, Brake J, Peebles ED (2000). Effects of relative humidity during incubation on hatchability and body weight of broiler chicks from young breeder flocks. Poult. Sci., 79: 827–830. https://doi.org/10.1093/ps/79.6.827

			Chiandetti C, Galliussi J, Andrew RJ, Vallortigara G (2013). Early-light embryonic stimulation suggests a second route, via gene activation, to cerebral lateralization in vertebrates. Sci. Rep., 3: 2701. https://doi.org/10.1038/srep02701

			Chung YK, Wong YH (2021). Re‐examining the ‘Dissociation Model’ of G protein activation from the perspective of Gβγ signaling. FEBS J., 288: 2490-2501. https://doi.org/10.1111/febs.15605

			Dayan J, Reicher N, Melkman-Zehavi T, Uni Z (2020). Incubation temperature affects yolk utilization through changes in expression of yolk sac tissue functional genes. Poult. Sci., 99: 6128-6138. https://doi.org/10.1016/j.psj.2020.07.037

			de Haas EN (2020). Opportunities to improve the welfare of young chickens. In: Understanding the behaviour and improving the welfare of chickens. Burleigh Dodds Science Publishing, pp. 261-312. https://doi.org/10.19103/AS.2020.0078.09

			Dishon L, Avital-Cohen N, Malamud D, Heiblum R, Druyan S, Porter TE, Gumułka M, Rozenboim I (2017). In-ovo monochromatic green light photostimulation enhances embryonic somatotropic axis activity. Poult. Sci., 96: 1884-1890. https://doi.org/10.3382/ps/pew489

			Dishon L, Avital-Cohen N, Zaguri S, Bartman J, Heiblum R, Druyan S, Porter TE, Gumulka M, Rozenboim I (2021). In ovo green light photostimulation during the late incubation stage affects somatotropic axis activity. Poult. Sci., 100: 467-473. https://doi.org/10.1016/j.psj.2020.10.031

			Drozdová A, Kankova Z, Bilčík B, Michal Z (2021). Prenatal effects of red and blue light on physiological and behavioural parameters of broiler chickens. Czech J. Anim. Sci., 66: 467-475. https://doi.org/10.17221/80/2021-CJAS

			Food and Agriculture Organization of the United Nations (2004). Small-scale poultry production technical guide. FAO, Rome.

			Geng AL, Zhang Y, Zhang J, Zeng LC, Chang C, Wang HH, Yan ZX, Chu Q, Liu HG (2021). Effects of light regime on the hatching performance, body development and serum biochemical indexes in Beijing You Chicken. Poult. Sci., 100: 101270. https://doi.org/10.1016/j.psj.2021.101270

			Gu C, Li J, Zhou J, Yang H, Rohling J (2021). Network structure of the master clock is important for its primary function. Front. Physiol., 12: 678391. https://doi.org/10.3389/fphys.2021.678391

			Guarnieri T (2024). Light sensing beyond vision: Focusing on a possible role for the FICZ/AhR Complex in skin optotransduction. Cells, 13: 1082. https://doi.org/10.3390/cells13131082

			Horodincu L, Solcan C (2023). Influence of different light spectra on melatonin synthesis by the pineal gland and influence on the immune system in chickens. Animals, 13: 2095. https://doi.org/10.3390/ani13132095

			Iwuchukwu GA, Şen U, Önder H, Cilavdaroğlu E, Yamak US (2025). Light color influences incubation characteristics, postnatal growth, and stress physiology with a lack of expression changes of Myf5 and Myf6 genes in Gerze native chicken. Animals, 15: 2347. https://doi.org/10.3390/ani15162347

			Juá MA, Ló EI, Ló S, Tellez-Isaias G, Prado-Rebolledo OF (2024). Increased CO2 levels during the first half of incubation at high altitude modifies embryonic development of fertile leghorn breeder eggs. Food Nutr. Sci., 15: 524-547 https://doi.org/10.4236/fns.2024.157035.

			Kankova Z, Drozdova A, Hodova V, Zeman M (2022). Effect of blue and red monochromatic light during incubation on the early post-embryonic development of immune responses in broiler chicken. Br. Poult. Sci., 63: 541-547. https://doi.org/10.1080/00071668.2022.2042485

			Kliphuis S, Manet MWE, Goerlich VC, Nordquist RE, Vernooij H, Tuyttens FAM, Rodenburg TB (2024). Effects of lighted incubation and foraging enrichment during rearing on individual fear behavior, corticosterone, and neuroplasticity in laying hen pullets. Poult. Sci., 103: 103665. https://doi.org/10.1016/j.psj.2024.103665

			Kosemani BS, Babalola AA, Ilori TA (2025). Development and optimization of small-scale inverter-powered incubator for egg hatchability system. Clean Circ. Bioecon., 10: 100137. https://doi.org/10.1016/j.clcb.2025.100137

			Leaphart JC, Chinn SM, Beasley JC (2025). Impact of developmental methylmercury exposure on avian embryonic development, hatchling growth, and survival. Environ. Toxicol. Chem., 44: 432-443. https://doi.org/10.1093/etojnl/vgae032

			Lee IK, Ludwig AL, Phillips MJ, Lee J, Xie R, Sajdak BS, Jager LD, Gong S, Gamm DM, Ma Z (2021). Ultrathin micromolded 3D scaffolds for high-density photoreceptor layer reconstruction. Sci. Adv., 7: eabf0344. https://doi.org/10.1126/sciadv.abf0344

			Li X, Rathgeber B, McLean N, MacIsaac J (2021a). Providing colored photoperiodic light stimulation during incubation: 1. Effects on embryo development and hatching performance in broiler hatching eggs. Poult. Sci., 100: 101336. https://doi.org/10.1016/j.psj.2021.101336

			Li X, Rathgeber B, McLean N, MacIsaac J (2021b). Providing colored photoperiodic light stimulation during incubation: 2. Effects on early posthatch growth, immune response, and production performance in broiler chickens. Poult. Sci., 100: 101328. https://doi.org/10.1016/j.psj.2021.101328

			Li Y, Lu L, Androulakis IP (2024a). The Physiological and pharmacological significance of the circadian timing of the HPA Axis: A mathematical modeling approach. J. Pharm. Sci., 113: 33-46. https://doi.org/10.1016/j.xphs.2023.08.005

			Li Y, Sun Y, Yuan J, Li X, Shi L, Isa AM, Wang Y, Ge P, Zong Y, Wang P, Chen J (2024b). Fresh insights into the light‐induced pineal gland circadian rhythm transmission mechanism derived from mRNA and miRNA profiling. Anim. Res. One Health Early View, pp. 1-14. https://doi.org/10.1002/aro2.95

			Liccardo F, Luini A, Di Martino R (2022). Endomembrane-based signaling by GPCRs and G-proteins. Cells 11: 528. https://doi.org/10.3390/cells11030528

			Lin S, Liu R, Shen J, Huang X, Chen C, Lin S, Jia R (2024). The typical developmental trajectory and energy requirements of Shitou goose during the embryonic stage. Poult. Sci., 103: 104039. https://doi.org/10.1016/j.psj.2024.104039

			Lin Y, Druyan S, Yahav S, Brake J (2017). Thermal treatments prior to and during the beginning of incubation affects development of the broiler embryo and yolk sac membranes, and live performance and carcass characteristics. Poult. Sci., 96: 1939-1947. https://doi.org/10.3382/ps/pew467

			Lock MC, Ripley DM, Smith KL, Mueller CA, Shiels HA, Crossley DA, Galli GL (2024). Developmental plasticity of the cardiovascular system in oviparous vertebrates: Effects of chronic hypoxia and interactive stressors in the context of climate change. J. Exp. Biol., 227: jeb248104. https://doi.org/10.1242/jeb.245530

			Mesquita MA, Araújo ICS, Café MB, Arnhold E, Mascarenhas AG, Carvalho FB, Stringhini JH, Leandro NSM, Gonzales E (2021). Results of hatching and rearing broiler chickens in different incubation systems. Poult. Sci., 100: 94–102. https://doi.org/10.1016/j.psj.2020.09.028

			Mueller CA, Burggren WW, Tazawa H (2022). The physiology of the avian embryo. In: Scanes CG, Dridi S (eds) Sturkie’s Avian Physiology, 7th edn. Academic Press, pp. 1015–1046. https://doi.org/10.1016/B978-0-12-819770-7.00030-X

			Muhr J, Arbor TC, Ackerman KM (2023). Embryology, gastrulation. StatPearls Publishing. https://www.ncbi.nlm.nih.gov/books/NBK554394/

			Muir W, Groves P (2018). Incubation and hatch management: Consequences for bone mineralization in Cobb 500 meat chickens. Animal, 12: 794-801. https://doi.org/10.1017/S1751731117001938

			Oso OM, Metowogo K, Adjei-Mensah B, Oke OE, Gbongbon C, Onagbesan OM, Tona K (2023). Effects of timing and duration of LED light supply during incubation on embryonic development and hatching parameters of Sasso eggs. Int. J. Vet. Sci., 12: 572-579. https://doi.org/10.47278/journal.ijvs/2023.003

			Özkan S, Yalçın S, Bayraktar ÖH, Bilgen G, Dayıoğlu M, Bolhuis JE, Rodenburg TB (2022). Effects of incubation lighting with green or white light on brown layers: Hatching performance, feather pecking and hypothalamic expressions of genes related with photoreception, serotonin, and stress systems. Poult. Sci., 101: 102114. https://doi.org/10.1016/j.psj.2022.102114

			Pan D, Hu G, Li J, Wang Z, Chen Y, Cao J (2025). Blue light damages retinal ganglion cells via endoplasmic reticulum stress and autophagy in chickens. Invest. Ophthalmol. Vis. Sci., 66: 3. https://doi.org/10.1167/iovs.66.1.3

			Peebles ED (2023). Understanding the effects of humidity/air composition on embryo and post-hatch chick development. Burleigh Dodds Sci., pp. 303-330. https://doi.org/10.19103/AS.2022.0118.16

			Riaz MF, Bergman M, Schober J, Oluwagbenga E, Christensen K, Fraley GS (2024). Red-green or full-spectrum white LEDs have no effects on incubation or post-hatch production variables in broilers. J. Appl. Poult. Res., 33: 100384. https://doi.org/10.1016/j.japr.2023.100384

			Riaz MF, Mahmud A, Hussain J, Rehman AU, Usman M, Mehmood S, Ahmad S (2021). Impact of light stimulation during incubation on hatching traits and post-hatch performance of commercial broilers. Trop. Anim. Health Prod., 53: 107. https://doi.org/10.1007/s11250-020-02492-3

			Ribatti D (2022). New insights on the development of the vascular system. Academic Press.

			Rozenboim I, Huisinga R, Halevy O, El Halawani ME (2003). Effect of embryonic photostimulation on the posthatch growth of turkey poults. Poult. Sci., 82: 1181–1187. https://doi.org/10.1093/ps/82.7.1181

			Rozenboim I, Piestun Y, Mobarkey N, Barak M, Hoyzman A, Halevy O (2004). Monochromatic light stimuli during embryogenesis enhance embryo development and posthatch growth. Poult. Sci., 83: 1413–1419. https://doi.org/10.1093/ps/83.8.1413

			Safwan M, Mehmood S, Sherzada S, Usman M, Hashmi SGMD, Ali S, Rehman AU, Riaz MF, Elahi U, Hussain M, Latif HRA, Saleem K, Ahmad S (2023). Effects of prenatal dichromatic light exposure on hatching results and post-hatch performance of Japanese quail. Trop. Anim. Health Prod., 55: 371. https://doi.org/10.1007/s11250-023-03801-2

			Sampaio SA, Oliveira RF, Borges KF, Gouveia ABVS, Silva JMS, Santos AJ, Carrijo MS, Santos FRd, Araújo Neto FRd, Gomide APC, Minafra CS (2024). Influence of monochromatic light during incubation on the production and metabolism of low-temperature broiler chicks. Animals, 14: 1620. https://doi.org/10.3390/ani14111620

			Schöneberg T (2025). Modulating vertebrate physiology by genomic fine-tuning of GPCR functions. Physiol. Rev., 105: 383–439. https://doi.org/10.1152/physrev.00017.2024

			Seremet C, Bayraktar Ö (2021). The effects of monochromatic lighting on hatch window and hatching performance in broiler breeder eggs. Int. J. Innov. Approaches Agric. Res., 5: 303–310. https://doi.org/10.29329/ijiaar.2021.378.5

			Soliman AS, Khafaga MA, Soliman FN, El-Sabrout KM (2023). Effect of different lighting sources on the performance of broiler breeder hens. J. Anim. Behav. Biometeorol., 11: 2023026. https://doi.org/10.31893/jabb.23026

			Surbhi, Kumar V (2015). Avian photoreceptors and their role in the regulation of daily and seasonal physiology. Gen. Comp. Endocrinol., 220: 13–22. https://doi.org/10.1016/j.ygcen.2014.06.001

			Tainika B, Bayraktar ÖH (2022). Lighted incubation: Embryonic development, hatchability and hatching quality of broiler chicks. Worlds Poult. Sci. J., 78: 161–178. https://doi.org/10.1080/00439339.2022.1988806

			Tona K, Voemesse K, N’nanlé O, Oke OE, Kouame YAE, Bilalissi A, Meteyake H, Oso OM (2022). Chicken incubation conditions: Role in embryo development, physiology and adaptation to the post-hatch environment. Front. Physiol., 13: 895854. https://doi.org/10.3389/fphys.2022.895854

			Tong Q, McGonnell IM, Demmers TGM, Roulston N, Bergoug H, Romanini CE, Verhelst R, Guinebretière M, Eterradossi N, Berckmans D, Exadaktylos V (2018). Effect of a photoperiodic green light programme during incubation on embryo development and hatch process. Animal, 12: 765-773. https://doi.org/10.1017/S1751731117002117

			van der Pol CW, van Roovert-Reijrink IAM, Gussekloo SWS, Kranenbarg S, Leon-Kloosterziel KM, van Eijk-Priester MH, Zeman M, Kemp B, van den Brand H (2019). Effects of lighting schedule during incubation of broiler chicken embryos on leg bone development at hatch and related physiological characteristics. PLoS One, 14: e0221083. https://doi.org/10.1371/journal.pone.0221083

			Wang P, Sun Y, Li Y, Fan J, Zong Y, Isa AM, Shi L, Wang Y, Ni A, Ge P, Jiang L, Bian S, Ma H, Yuan Z, Liu X, Chen J (2021). Monochromatic green light stimulation during incubation shortened the hatching time via pineal function in White Leghorn eggs. J. Anim. Sci. Biotechnol., 12: 17. https://doi.org/10.1186/s40104-020-00539-x

			Wang YH, Lin J, Wang J, Wu SG, Qiu K, Zhang HJ, Qi G-H (2022). The role of incubation conditions on the regulation of muscle development and meat quality in poultry. Front. Physiol., 13: 883134. https://doi.org/10.3389/fphys.2022.883134

			Wijnen HJ, Molenaar R, van Roovert-Reijrink IAM, van der Pol CW, Kemp B, van den Brand H (2020). Effects of incubation temperature pattern on broiler performance. Poult. Sci., 99: 3897-907. https://doi.org/10.1016/j.psj.2020.05.010

			Yahav S, Brake J (2014). Chick embryogenesis: A unique platform to study the effects of environmental factors on embryo development. J. Stem Cells, 9: 17-26

			Yalcin S, Özkan S, Shah T (2022). Incubation temperature and lighting: effect on embryonic development, post-hatch growth, and adaptive response. Front. Physiol., 13: 899977. https://doi.org/10.3389/fphys.2022.899977

			Yameen RMK, Hussain J, Mahmud A, Saima (2020). Effects of different light durations during incubation on hatching, subsequent growth, welfare, and meat quality traits among three broiler strains. Trop. Anim. Health Prod., 52: 3639-3653. https://doi.org/10.1007/s11250-020-02401-8

			Yee C, Görtemaker K, Wellpott R, Koch KW (2023). Kinetics of cone specific G-protein signaling in avian photoreceptor cells. Front. Mol. Neurosci., 16: 1107025. https://doi.org/10.3389/fnmol.2023.1107025

			Yin P, Wei S, Tong Q, Li B, Zheng W, Xue X, Shi C (2024). Effects of incubation light on behaviour, growth performance, blood parameters, and digestive enzymes in post-hatch layer chicks. Animals, 14(15): 2197. https://doi.org/10.3390/ani14152197

			Yu Y, Li Z, Zhong Z, Jin S, Pan J, Rao X, Yu Y (2018). Effect of monochromatic green LED light stimuli during incubation on embryo growth, hatching performance, and hormone levels. Trans ASABE, 61: 661-669. https://doi.org/10.13031/trans.12485

		

	OEBPS/image/1.png
OPEN 8ACC ESS Journal of Animal Health and Production

Review Article

Gheck for
updates.

Lighted Incubation in Poultry: Current Insights and Prospects for
Enhancing Embryonic and Post-Hatch Development

SoHaiL AHMAD™, KARIM EL-SaBROUT?*, UsMAN ELAHP#, ABDUL MATEEN®, MUHAMMAD ARSLAN®,
Giovanni BuonatuTo®, BIRENDRA MISHRA?

Department of Poultry Production, Faculty of Animal Production and Technology, University of Veterinary and Animal
Sciences, Lahore, 54000, Pakistan; *Poultry Production Department, Faculty of Agriculture, Alexandria University,
Alexandria 21545, Egypt; *Faculty of Veterinary Medicine, Airlangga University, Mulyorejo Rd. Surabaya 6015,
Indonesia; *Faculty of Agriculture and Veterinary Sciences, Superior University, Raiwind Rd. Lahore 55150, Pakistan;
8chool of Agricultural Technology and Food Industry, Walailak University, Nakhon Si Thammarat 80160, Thailand;
Department of Veterinary Science, University of Parma, Parma, Italy; 7Department of Human Nutrition, Food and
Animal Sciences, University of Hawaii at Manoa, 1955 East-West Road, Honolulu, HI, 96822, USA.

Abstract | Light exposure during avian incubation has emerged as a key environmental factor capable of modulating
embryonic development, hatching traits, and post-hatch performance. This review synthesizes current knowledge on the
mechanisms of embryonic photoreception, including the roles of retinal and deep-brain photoreceptors, melatonin rhythms,
and downstream endocrine pathways involved in growth, stress regulation, and circadian entrainment. A comprehensive
literature search was conducted via several databases, such as Google Scholar and Scopus. Studies were selected based
on experimental manipulation of light wavelength, photoperiod, or intensity during incubation and reported embryonic,
hatching, physiological, behavioral, or post-hatch outcomes. Across species, green and blue wavelengths consistently
stimulate somatotropic axis activation and myogenic proliferation, leading to accelerated post-hatch growth. However, their
influence on hatchability remains inconsistent across studies, with outcomes ranging from positive to neutral or even negative
depending on experimental parameters. In contrast, red and white light predominantly modulate melatonin secretion,
immune function, and stress physiology. Lighted incubation not only modulates embryo development, organogenesis,
and hatch window dynamics but also shapes post-hatch traits such as feed efficiency, carcass yield, bone development,
behavior, and fear responses. However, substantial variation exists among studies due to differences in light regimens,
strain-specific sensitivity, and interactions with temperature and humidity. Despite promising evidence, commercial
adoption remains limited owing to uncertainties regarding optimal lighting protocols, potential thermal interactions, and
cost-benefit considerations in large-scale hatcheries. Overall, light should be considered not merely an external physical
parameter but a powerful biological cue capable of programming avian development. Standardization of lighting protocols,
integration with precision incubation systems, and multidisciplinary industry—research collaboration are essential to
fully exploit lighted incubation as a tool for sustainable improvement of poultry welfare, productivity, and robustness.
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