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Stressors are commonly encountered by all farmed species, including chickens, but

the impact of these stressors on the animal and their productivity can be influenced by

the environmental conditions in which they are kept. This study investigated the effects

of dietary vitamin D3 (vitD3) and ultraviolet light (UVB) on growth performance, organ

weight, serum corticosterone levels (CORT), serum 25-hydroxy vitamin D (25-OH-D3)

status, gut histology, and welfare indicators of broiler chickens challenged with social

isolation stress. One day (d) old Ross 308 broiler chicks (n = 192) were individually

weighed, wing-tagged, and allocated to non-isolated (control) and isolated groups;

control birds were never isolated, while isolated birds were subjected to regular sessions

of social isolation for about 15-min periods over the course of 3 d a week for 2 weeks

starting from d 10 (1.30 h total exposure) with inter treatment interval of 48 h. Birds

were treated with either dietary vitD3 at 4,000 IU/kg (HD) or UVB light (UVB). The UVB

lamp (24 Watt 12% UVB D3, 55 cm) with wavelength: 280–315 nm, intensity; 28.12

µW/cm2 hung 50 cm above the substrate was used for the broilers in all the treatment

groups but were filtered to remove UVB in the HD group. Growth performance measure;

body weight gain, feed intake, and feed conversion ratio were estimated at the end of

starter (day 10), grower (day 24), and finisher periods (day 38). Broilers were feather

and gait scored to measure welfare at 22/35 and 24/37 days of age, respectively. The

selected birds were weighed and euthanized to obtain serum to determine 25-OH-D3

and CORT levels, GIT weights, and gut histology. Subjecting the birds to 2-week social

isolation (for 15min, three times per week) increased CORT levels but did not alter GP

and 25-OH-D3 levels of broilers. However, UVB-treated broilers demonstrated better

welfare, duodenal absorptive capacity, and reduced FCR compared to HD chickens.

Results suggest some beneficial effects of UVB lighting on welfare indicators and the

potential to support early life growth of commercial broilers reared indoors, which are

often challenged with stressors.
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INTRODUCTION

Within commercial intensive poultry production, chickens
are vulnerable to constant environmental challenges and
management-associated stressors. Management-associated
stressors and challenges include hatching without maternal
contact, capturing, handling, transportation, extreme
temperatures, social disruption, unfamiliar sounds and handlers,
feed and water restriction (Zulkifli, 2013). These may cause stress
(Frazer and Broom, 1990; Kannan and Mench, 1996; Bortolotti
et al., 2008; Alm et al., 2014), leading to reduced performance
and increased susceptibility to diseases (Goerlich et al., 2012)
with secondary impacts on welfare (Carvalho et al., 2018).

Any deviation from the normal body processes can be
considered stress, which occurs as a physiological response to an
environmental stressor or changes or challenges to re-establish
homeostatic integrity within the body (Lara and Rostagno, 2013).
Stress can cause structural changes in different parts of the body
system, bringing about differences in response to stress. The rate
of effect of stress differs according to the stress level, duration
(Lupien et al., 2009), and stage of life (Arakawa, 2003).

Different environmental management approaches such as
improving house conditions (Deep et al., 2010), reducing the
stock density (Buijs et al., 2009), environmental enrichment
(Ventura et al., 2010) or artificial selection for reduced growth
rate (Decuypere et al., 2010) have been reported to promote
the performance of broiler chickens while reducing the stress
responses. Therefore, an improvement in production parameters
and efficiency depends on the quality of the environmental
management techniques. The potential of dietary vitamin D3

(vitD3) and ultraviolet-B (UVB) light to influence broiler feed
efficiency, growth and welfare is gaining considerable recognition
(Edwards, 2003; Zhang et al., 2006; James et al., 2018) but has not
been studied extensively. Therefore, it is necessary to assess and
establish the best strategy for the provision of vitD3.

Vitamin D3 (VitD3), known as cholecalciferol (D3), is the
inactive form of vitamin D. It is an essential nutrient important
for growth and development with a close relationship between
nutrition and health (Chou et al., 2009). It can be absorbed
from the diet through dietary supplementation or be generated
endogenously in the skin of animals exposed to sunlight
through the chemical conversion of 7-dehydrocholesterol to
cholecalciferol (Slominski et al., 2010; Li et al., 2014). However,
an industry-standard broiler house in the UK involves the use
of controlled, indoor housing with little exposure of birds to
natural sunlight, inhibiting the ability of the skin to produce
endogenous vitD3, while raw materials in broiler diets contain
little or no vitD3 (Atencio et al., 2005). As a result, vitD3

requirements are supplemented in the diet. Although windows
may be incorporated into poultry houses, they may not transmit
UVB for vitD3 synthesis in broilers (Duarte et al., 2009).
Additionally, continuous artificial light illuminations provided
are weak ultraviolet (UV) emitters (Lewis and Morris, 1998).
UV environment has been found to be associated with stress
hormone concentrations, with corticosterone found to be higher
in chicks raised in UV deficient conditions (Maddocks et al.,
2001).

Light is considered one of the most important environmental
parameters in poultry production, not only providing
illumination for the birds but also regulating many physiological
processes (Olanrewaju et al., 2016; Rault et al., 2016; Soliman and
El-Sabrout, 2020). Broilers possess a super visual eye system that
allows them to see through UV light (wavelength shorter than
400 nm), which is invisible to humans (Akyüz and Onbasilar,
2018). Previous research on UV light reported improved welfare
(Zhang et al., 2006; Slominski et al., 2010; James et al., 2018;
Ogbonna et al., under review), reduced corticosterone (CORT)
levels in chickens (Maddocks et al., 2001; House et al., 2020a)
and Pekin ducks (House et al., 2020b) although such studies did
not provide comparisons with dietary vitD3. Thus, it is not clear
whether the impacts arise from the benefits of UV lighting or the
secondary benefits of vitD3 synthesis.

Extensive research has investigated the effects of social
isolation in other animal populations (Mendoza and Mason,
1986; Rukstalis and French, 2005; Chauke et al., 2011) with a
few in broiler chickens (Goerlich et al., 2012; Weldon et al.,
2016). Therefore, this study focused on the effects of dietary vitD3

and UVB light source on growth performance, CORT, 25-OH-
D3 status, gastrointestinal tract (GIT) component weights, gut
histology and welfare indicators of broiler chickens challenged
with social isolation. Such investigations may provide evidence
of whether dietary vitD3 or UVB light exposure exerts dual
roles in broilers following a physiological challenge by improving
growth performance, 25-OH-D3 status, health and welfare while
reducing CORT. Understanding the effects of stress on broiler
traits, the basis of the stress response, and the role of vitD3 source
support against social isolation stress is critical in highlighting
novel opportunities to promote broiler performance, health
and welfare. This study tests the hypothesis that UVB light
supplementation would increase production parameters such as
feed conversion ratio (FCR) and improve broiler health and
welfare by decreasing CORT.

MATERIALS AND METHODS

Ethics Statement
All procedures were conducted in accordance with the ethics
and provisions of the UK Animals (Scientific Procedures) Act
1986 after obtaining approval from the Animal Welfare and
Ethical Review Body (AWERB), Newcastle University, (AWERB
ID: 806).

Birds, Housing, Husbandry, and Diets
A total of 192 one-day (d) old Ross 308 chicks procured from
P D Hook Hatcheries Limited, United Kingdom, were used
for this experiment. Upon arrival, the chicks were individually
weighed, wing-tagged, and randomly allocated to 1 of 32 identical
rectangular pens (l × w × h: 140 × 60 × 100 cm), respectively.
The pens had been assigned 1 of 4 treatments and divided into
two social isolation stress statuses, viz; non-isolated (control) and
isolated. All broilers were treated with either dietary vitD3 at
4,000 IU/kg only (HD) or UVB light wavelength (UVB) so that
each treatment had eight replicate pens containing six broilers
per pen in a 2 × 2 factorial design. During the experiment, the
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FIGURE 1 | (A) The Irradiance (µW/cm2 ) of wavelengths (nm) in the HD treated group. (B) The Irradiance (µW/cm2 ) of wavelengths (nm) in the UVB treated group.

birds were housed in a windowless, thermostatically controlled
building equipped with feeders and drinkers, and wood shavings
were used as litter to a depth of 5 cm covering the entire concrete
pen floor. The temperature at pen level was monitored daily and
maintained to meet Aviagen recommendations for spot brooding
(Aviagen, 2019), starting at 34◦C at chick placement d 0, and
gradually brought down to 22

◦
C by d 13 where it was maintained

until 38 d of age when the trial was terminated. The heat was
supplemented with dull emitter ceramic bulbs. Light intensity at
pen level was 80 lx while a lighting program of 23 h (h) (23L:1D)
of light and 1 h of darkness was applied from d 0 to 7 d of age,
followed by 18 h (18L:6D) of light for the remainder of the trial.
All the birds in the four treatment groups were treated with the
UVB light from a 55 cm 24W 12%UVBD3 output lamp (Arcadia
Products plc, Surrey, UK) as the lighting program which was

installed in the centre of the pen at 50 cm above the substrate
throughout the rearing period. Each UVB lamp provided a UVB
intensity of 28.12 µW/cm2 as determined by a spectrometer
FLAME-S-XR1-ES (International light technologies ILT 1400-
A) over the wavelength range of 280–315 nm, but it was filtered
using CONTROL-CURE R© UV blocking films (Epak Electronics,
Somerset UK) to remove UVB radiation in the HD groups only.
The Irradiance (µW/cm2) of wavelengths (nm) in each treatment
are shown in Figures 1A,B. Appropriate starter crumbs, grower
pellets, and finisher pellets were provided ad libitum to suit the
size and age of the experimental chicks. All chicks had ad libitum
access to fresh drinking water and feed, replenished throughout
the experimental period. A basal starter diet (d 0–10) prepared
in crumbled form, grower diet (d 11–24), and finisher diet (d 25–
38) prepared in pelleted formwere formulated andmanufactured
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TABLE 1 | Ingredients and analysed chemical composition of the basal starter (d

0–10 post-hatch), grower (d 11–d24) and finisher (d 25–d38) diets offered to

broiler chickens.

Ingredients Starter Grower Finisher

Wheat 47.9 51.5 54.8

Soybean meal (48% CP) 32.1 25.3 18.7

Corn 10.0 10.0 10.0

Soybean full fat 4.00 7.00 10.0

Dicalcium phosphate 1.89 1.66 1.46

Soy crude oil 1.84 2.32 2.86

Limestone 0.64 0.59 0.54

Vitamin and mineral premixa,b 0.40 0.40 0.40

DL-methionine 0.33 0.30 0.25

L-Lysine 0.21 0.26 0.25

Sodium bicarbonates (27%) 0.21 0.20 0.21

Sodium chloride (39%) 0.19 0.21 0.21

L-Threonine 0.14 0.12 0.10

Choline chloride (60%) 0.05 0.05 0.05

L-Valine 0.03 0.02 0.02

Xylanasec 0.02 0.02 0.02

Tio2 0.00 0.05 0.00

Nutrient composition (%)d

ME (kcal/kg) 2,940 3,000 3,033

Crude protein 23.2 22.0 20.4

Ether extract 4.96 5.34 5.93

Calcium 1.27 1.12 0.77

Phosphorus 0.73 0.67 0.84

Ash 6.70 6.10 4.70

a,bProvided per kilogramme of diet: vitamins, minerals and digestible AA according to

Aviagen Nutrient specifications (Aviagen, 2019).
cRonozyme WX, DSM Nutritional Products Ltd.
dMeans day.

according to the nutritional specifications/requirements of the
Ross 308 broiler breeders (Aviagen, 2019) apart from the level
of vitD3 added (Table 1). The level of vitD3 was mixed as an
additional supplement to the standard basal diet, which was
first manufactured without vitD3, then added vitD3 to produce
premixes to give 4,000 vitD3 in treatment.

Data Collection, Experimental Procedure,
and Sampling
All chicks were checked for health and mortality twice a day;
the birds that died during the experimental period were weighed
and sent to the pathology laboratory for a necropsy. Some
measurements were taken as described below.

Growth Performance
The body weight gain (BWG) was measured by taking individual
body weight at 0, 10, 17, 24, 31, and 38 d of age; feed intake (FI)
was measured by subtracting feed refused from feed offered on
a weekly basis. From the data obtained, FCR was estimated by
dividing the FI with BWG at the end of starter (10 d), grower (24
d), and finisher periods (38 d) for each group of birds in a pen.

Social Isolation Stress
Social isolation stress was tested on broilers to determine the
stress responses of broilers treated with dietary vitD3 or UVB
light. The isolated birds were subjected to regular sessions of
social isolation by putting in a plastic/storage box for 15-min
periods over the course of 3 days a week for 2 weeks starting from
day 10 (90min total exposure) with an inter-treatment interval
of 48 h. Fifteen minutes of isolation was selected as this time
period, or less, has been found to be associated with pessimistic-
like behaviour in cognitive bias tests (Salmeto et al., 2011),
elevated corticosterone (Sufka et al., 2006) and interleukin-6
and has been pharmacologically validated using anxiolitics in
chicks (Warnick et al., 2009). To isolate a bird, it was gently
captured or taken out from the home pen and put in an
isolation box with dimensions (l × w × h: 54 × 41 × 46 cm)
where the captured birds had vocal contact but limited sight
of other birds. The isolated birds had no physical contact with
other birds under isolation. Thus, the birds were exposed to a
combination of capturing, handling, social isolation, feed and
water deprivation, and sawdust litter at the bottom of the box.
The duration of capturing four birds and putting those in a box
was ∼2min and the birds remained in the box for 15min before
being returned to their home pens. Conversely, the control birds
remained in their home pens during the test periods; they were
never captured, handled, or out of visual and vocal contact with
others. Both groups experienced regular husbandry activities
(i.e., the presence of humans changing food, water and bedding
material) in their home pen (Goerlich et al., 2012; Weldon et al.,
2016).

Blood Sampling for Serum 25-OH-D3 and Chicken

CORT Levels
At 24 and 42 days of age, selected birds (two birds per pen; n
= 64) were individually weighed and subsequently euthanized
using a schedule 1 procedure with a lethal injection of sodium
barbiturate (Euthatal, Merial Harlow, United Kingdom) via the
wing vein. The blood samples were used for measuring serum
levels of 25-OH-D3 and CORT to determine the physiological
effects of social isolation stress and the role of dietary vitD3

and UVB light to alleviate stress. Blood was sampled via the
heart cavity using a 5ml syringe and placed in 5ml serum tubes
(red-topped tubes) with serum clot activator (BD Vacutainer,
SST II Advance Plus Blood Collection Tubes-BD, Plymouth,
United-Kingdom). The blood samples were allowed to clot by
standing undisturbed for 1.5 h at room temperature; 0.5ml
supernatant aliquoted serum was transferred in two replicates
using a pipette following centrifugation for 15min at 1,500 ×

g in Eppendorf tubes and stored at –80◦C before laboratory
analyses. Corticosterone high sensitivity enzyme immunoassay
was used for the quantitative determination of chicken CORT
levels where the calibrators, controls and samples were pre-
treated by adding assay buffer and incubating at 80◦C for 30min
according to the methods described by Bacarese-Hamilton
et al. (1992). The chemiluminescent immunoassay (CLIA)
method was used for 25-OH-D3 as described by Chen et al.
(2020).
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FIGURE 2 | Histological representations of the duodenal villi and crypt depth of broiler chickens from the (A) HD non-isolated, (B) UVB non-isolated, (C) HD isolated,

and (D) UVB isolated treatment group.

Gait Score
GS was performed when the birds were 23 and 37 days of age.
Two birds per pen were randomly selected and individually
assessed for their walking capacity using the 0–5 gait scoring
system (Garner et al., 2002). A score of 0 represents a perfect
gait, and a score of 5 represents an inability to stand. Briefly,
gait score 0 (GS 0) describes a bird with normal and perfect gait;
GS 1 birds have an imperfect but unclear gait defect; GS 2 birds
have an identifiable gait defect; GS 3 birds have an obvious gait
abnormality; GS 4 birds have a severe gait defect, only walking
when motivated; GS 5 birds cannot stand and cannot walk. The
wing tag of each bird was noted, and the bird was subsequently
assessed by two experienced and independent observers who
caught and observed the birds. The score was then discussed

between the observers, and the bird was possibly re-assessed until
an agreement between the observers was reached.

Feather Score
FS was performed when the birds were 22 (four birds per pen;
n = 128) and 35 d of age. Broilers were randomly chosen and
individually assessed for their feather development and cover,
using the two scoring systems, viz the Royal Society for the
Prevention of Cruelty to Animals (RSPCA) FS index: lower
number = more covered (RSPCA, 2017) and a percentage cover
score (% CV) system (higher % = more covered) (Bilcik and
Keeling, 1999; LaBrash and Scheideler, 2005). The RSPCA index
is a five-point scale of 0–2, assigning birds a score of feather
coverage from “full and even over body and wings” to “bare on
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TABLE 2 | Interactive and main effects of dietary vitamin D3 and UVB light and social isolation stress on the body weight gain (BWG), feed intake (FI), and feed conversion

ratio (FCR) of broilers over the starter (day 0–10), grower (day 0–24), and finisher period (day 0–38) and serum 25-OH-D3 levels at 24 and 42 days of age.

BWG (g) FI (g) FCR (g:g) 25-OH-D3

levels (nmol/l)

Treatments 0–10 0–24 0–38 0–10 0–24 0–38 0–10 0–24 0–38 24 42

Commercial standard 321 1,125 2,527 304 1,542 3,872 0.95 1.26 1.53

HD Control 268.52b 1,286.8a 2,719.1b 302.63 1,634.7a 3,976.7a,b 1.13 1.27b 1.46a,b 131.88 144.63a

HD Isolated 282.40a 1,324.8a 2,942.6a 306.52 1,673.7a 4,203.7a 1.09 1.26b 1.43b 96.25 123.63ab

UVB Control 282.85a 1,150.1b 2,523.6b,c 316.65 1,626.7a,b 3,787.2b,c 1.12 1.42a 1.50a 82.63 63.88b

UVB Isolated 290.18a 1,118.2b 2,419.8c 313.42 1,492.5b 3,596.7c 1.08 1.34a,b 1.49a,b 95.25 104.88a,b

SEM 3.532 23.089 76.213 7.714 47.251 122.491 0.029 0.034 0.056 16.092 19.784

P-value 0.3623 0.1414 0.0406 0.6478 0.0775 0.0994 0.9739 0.2922 0.6845 0.2082 0.1922

HD 275.46b 1,305.8a 2,830.9a 304.57 1,654.2 4,090.2a 1.12 1.27b 1.44b 114.06 134.13

UVB 286.52a 1,134.1b 2,471.7b 315.03 1,559.6 3,692.0b 1.10 1.38a 1.50a 88.94 84.38

SEM 2.497 16.326 53.891 5.455 33.411 86.614 0.020 0.024 0.017 11.379 13.990

P-value 0.0041 0.0001 0.0001 0.1860 0.0550 0.0030 0.8626 0.0035 0.0361 0.1935 0.0657

Control 275.68b 1,218.4 2,621.3 309.64 1,630.7 3,881.9 1.12 1.34 1.48 107.25 104.25

Isolated 286.29a 1,221.5 2,681.2 309.97 1,583.1 3,900.2 1.08 1.30 1.46 95.75 114.25

SEM 2.497 16.326 53.891 5.455 33.411 86.614 0.020 0.024 0.017 11.379 13.990

P-value 0.0056 0.8938 0.4383 0.9658 0.3224 0.8827 0.1701 0.2138 0.4233 0.5143 0.6398

HD, 4,000 IU/kg level of D3 only; UVB, UVB light only.

Bold indicates P-values <0.05.

Commercial standards for the breed are provided based on (Ross 308 Performance Objectives, 2019).
a,b,cMean values in the same column bearing the same superscript are similar while not sharing a common superscript are statistically different (P < 0.05).

SEM, Standard error of the mean; NB, Broilers were not isolated during the starter period (days 0–10).

the body and patchy on the wings.” Briefly, feather score 0 (FS 0)
describes a bird with full feather cover; FS 0.5 birds have a slight
patchy feather cover; FS 1 birds have patchy to bare feather cover;
an FS 1.5 bird have a patchy to bare feather cover on the sides of
the body with a light covering on the back; FS 2 birds have a bare
feather on body and wings. The %CV assigns a percentage cover
to four areas of the chicken: (i) head; (ii) combined back and wing
region; (iii) front of the neck and lower body in front of the legs;
(iv) lower rear body behind the legs. For each region, there was a
score of 0–9, where, 0 = 0–9% adult feathers, 1 = 10–19%, 2 =

20–29%, 3 = 30–39%, 4 = 40–49%, 5 = 50–59%, 6 = 60–69%, 7
= 70–79%, 8= 80–89%, 9= 90–100%.

GIT Components Weights
At 42 days of age, two birds per pen were humanely killed and
cut opened to collect and measure the full weight of their heart,
liver, pancreas, proventriculus, and gizzard (Pr+Gizz), spleen,
small intestine (Small I) and bursa of Fabricus. Organ weights
were expressed as a percentage of body weight by dividing organ
weight with body weight and multiplying by 100.

Gut Histomorphology
The histomorphology of the small intestine (duodenum, jejunum
and ileum) was performed at 42 days of age, selected birds
(I bird per pen) were dissected and the abdomen was cut
open through a midline incision to gently remove the small
intestine of each bird. Then the small segment of about 3 cm
of mid-duodenum (from the gizzard to pancreatic and bile
duct), jejunum (from the bile duct to Meckel’s diverticulum)

and ileum (from the Meckel’s diverticulum to ileocaecacolonic
junction were immediately located and excised (Samanya and
Yamauchi, 2002). Excised intestinal tissues were fixed in 10%
neutral buffered formalin (Merck Life Science LimitedNewRoad,
The Old Brickyard Gillingham Dorset, SP8 4XT, UK) filled pots
(Caruso et al., 2012; Sabet Sarvestani et al., 2015). After 3 days,
the tissue samples were rinsed to remove the formalin and
fixed in ethanol (analytical reagent) solution at 70%. The fixed
tissue samples were then transported to the Central BioBank,
Faculty of Medicine, Newcastle University. They were further
processed, trimmed to eliminate the torn edges, and remained
for further 24 h in the fixing solution. The tissues were then
dehydrated with increasing concentrations of ethyl alcohol (70,
90, 96, and 100%), cleared in xylene and embedded in paraffin.
The paraffin blocks were then cut using a microtome (µm)
into 4-µm-thick discontinuous paraffin-embedded sections per
broiler tissue sample that were stained using haematoxylin and
eosin (H&E) (for standard histological evaluation). In order
to analyse histomorphometric features of each segment, villus
height (VH), crypt depth (CD), villus height to crypt depth ratio
(VH:CD) were measured by examining slides, photographing
digital images and capturing randomly selected 3 representative
fields using image capture and analysis system (Leica Bio-
systems Image scope software; Leica application suite version
3.4). VH and CD were measured in duodenum, jejunum and
ileum sections. VH was measured as the distance from the
apex of the villus to the junction of the villus, whereas CD
was measured from the base of the villus up to the crypt-
villi transition region/mucosa. The VH:CD was determined by
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TABLE 3 | Interactive and main effects of dietary vitamin D3 and UVB light and social isolation on the GIT component weights (g) relative to live weight of broilers aged

42 d.

Treatments Pr.+Gizz. Small I. Pancreas Liver Heart Spleen Bursa

HD control 2.11a,b 4.16b 0.19 2.49b 0.55b 0.13b 0.15b

HD isolated 1.92b 4.66a 0.30 2.71a 0.64a 0.15a 0.17a,b

UVB control 2.37a 4.33a,b 0.20 2.42b 0.59a,b 0.14a,b 0.22a,b

UVB isolated 2.38a 4.56a,b 0.21 2.61a,b 0.64a 0.15a,b 0.29a

SEM 0.100 0.176 0.051 0.071 0.213 0.007 0.049

P-value 0.325 0.457 0.298 0.823 0.435 0.353 0.611

HD 2.01b 4.41 0.25 2.60 0.60 0.14 0.16

UVB 2.38a 4.44 0.20 2.52 0.61 0.15 0.26

SEM 0.071 0.125 0.036 0.051 0.015 0.005 0.035

P-value 0.001 0.845 0.393 0.229 0.396 0.823 0.058

Control 2.24 4.24b 0.19 2.46b 0.57b 0.14 0.19

Isolated 2.15 4.61a 0.25 2.66a 0.64a 0.15 0.23

SEM 0.071 0.125 0.036 0.051 0.015 0.005 0.348

P-value 0.415 0.041 0.228 0.006 0.002 0.055 0.371

Pr+Gizz., Proventriculus and gizzard weight; Small I., Small intestine; Bursa: bursa of Fabriscus; HD, 4,000 IU/kg level of D3 only; UVB, UVB light only. Bold letters indicate p-values less

than 0.05.
a,bMeans in each column bearing different superscripts are significantly different (P < 0.05).

SEM, Standard error of the mean.

TABLE 4 | Effect of dietary vitamin D3 and UVB light and social isolation stress on intestinal tissue histology analysis of broilers chickens at 42 days of age.

Duodenum Jejunum Ileum

Treatment VH CD VH:CD VH CD VH:CD VH CD VH:CD

HD control 944.05a,b 269.41b 3.97b 764.42 169.50a,b 5.06a 420.95 120.98 3.61

HD isolated 938.54a,b 303.80a 3.44b 621.85 229.59a 2.85b 471.62 116.23 4.12

UVB control 852.92b 213.03a,b 4.16b 681.70 153.64b 4.63a,b 453.58 117.17 4.16

UVB isolated 1,131.33a 179.76b 6.65a 569.09 201.08a,b 3.14a,b 510.27 106.51 4.77

SEM 66.199 32.139 0.659 65.828 25.14 0.608 42.603 11.308 0.454

P-value 0.053 0.326 0.039 0.830 0.813 0.572 0.947 0.806 0.916

HD 941.30 286.61a 3.70a 693.13 199.55 3.96 446.29 118.61 3.87

UVB 992.12 196.40b 5.40a 625.40 177.36 3.88 481.93 111.84 4.47

SEM 46.810 22.726 0.466 46.547 17.776 0.430 30.125 7.996 0.321

P-value 0.4718 0.014 0.022 0.337 0.409 0.912 0.434 0.574 0.221

Control 898.48 241.22 4.06 723.06 161.57 4.84a 437.27 119.08 3.89

Isolated 1,034.94 241.78 5.04 595.47 215.33 3.00b 490.95 111.37 4.45

SEM 46.810 22.758 0.466 46.547 17.776 0.430 30.125 7.995 0.321

P-value 0.062 0.987 0.171 0.078 0.054 0.008 0.242 0.523 0.250

HD, 4,000 IU/kg level of D3 only; UVB, UVB light; VH, Villus height; CD, Crypt depth; VH:CD, The ratio of villus height to crypt depth. Bold letters indicate p-values less than 0.05.
a,bMean values in the same column bearing the same superscript are similar while not sharing a common superscript are statistically different (P < 0.05).

SEM, Standard error of the mean.

dividing the VH by the CD (Brudnicki et al., 2017; Prakatur
et al., 2019). The criterion for villus selection was based on the
presence of intact lamina propria. VH and CD were measured at
10× the objective magnification. The measurements were taken
from 10 villi heights and crypt depths of the three representative
fields per sample for each bird and expressed as the average
villi height and crypt depth for each bird in a treatment group
(Brudnicki et al., 2017). The histological representations of the
broiler chickens duodenum from the treatments are shown in
Figures 2A–D.

Experimental Design and Statistical
Analysis
The experiment was a 2 × 2 factorial design. Data collected

on growth performance (pen BW, FI and FCR for the

starter, grower and finisher stages), FS, GS, 25-OH-D3 levels,
GIT components and gut histology of broiler chickens were

statistically analysed using the General Linear Model (GLM)

procedure of the statistical analysis of variance software 9.4
programs (SAS Institute Inc., 2012) while the CORT levels were
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FIGURE 3 | Effects of dietary vitamin D3 and UVB light wavelength in the control and isolated birds on (A) RSPCA of broiler chickens at 23 days; (B) Cover scores of

broiler chickens at 23 days; (C) RSPCA of broiler chickens at 35 days; (D) Cover scores of broiler chickens at 35 days of age.

compared on the control and isolated birds to determine the
impact of isolation. A non-parametric test, a Mann Whitney
U and Wilcoxon rank-sum test with continuity correction
were used to assess the normality of residuals. The pen was
the experimental unit for all the data collected. Significance
was designated as P ≤ 0.05 (5% level of probability). All
values are expressed as model-predicted least-square means
with the standard error of the mean (SEM). In this study,
multiple statistical comparisons were made, and it is worth
stating that testing for multiple corrections was not applied.
If we had used an improved Bonferroni correction for
multiple testing across all the statistical tests, P-values >0.002
would not have been significant. This would have resulted
in observing the main effects of the source of vitD3 on
body weight and proventriculus and gizzard weight and the
effects of social isolation on heart weight and feathering.
For the current study with a range of different indicators,
such an approach was deemed to be too conservative, but
this information was provided to allow the reader to draw
their conclusions.

RESULTS

Themean values for the analysis of the production characteristics
data (FI, BWG, and FCR) of broiler chickens challenged with
social isolation stress during the 0–38 days are shown in Table 2.
There was a treatment interaction effect (P = 0.0406) on the
BWG of the birds; the HD isolated group tended to be highest
at 38 days of age compared to other treatments. HD and UVB
differed for their effect on BWG, FI and FCR of broilers. UVB
had higher BWG (P= 0.0041) over the starter phase, lower BWG
(Glm: F1,30 = 55.28; P= 0.0001) over the grower, and lower BWG
over the finisher phase (Glm: F= 22.21; P= 0.0001). FI tended to
be lower (Glm: F1,30 = 4.01; P = 0.0550) in UVB birds at 24 days
and lower (Glm: F1,30 = 10.57; P = 0.0030) FI at 38 days of age.
FCR differed (P < 0.05) with HD birds having lower values and
improved growth than UVB birds at 24 and 38 days, while no
effect (P > 0.05) of social isolation stress was observed on BWG
at 24 and 38 days, FI and FCR. The serum levels of 25-OH-D3

were unaffected (P > 0.05) by the treatments at 24 and 42 days of
age, and no treatment interaction was observed (Table 2).
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FIGURE 4 | Effects of dietary vitamin D3 and UVB light and social isolation

stress on gait score of broilers at (A) 23 and (B) 37 days of age (the lower the

gait score, the better the walking ability and vice versa).

The UVB birds had heavier proventriculus plus gizzard (P =

0.001) and heavier bursa (P = 0.058) compared to the HD birds,
while the isolated birds had heavier (P < 0.05) small intestine,
liver, and heart weights than the control birds at 42 days of age.
No interaction between treatments was observed (Table 3).

UVB treated birds demonstrated reduced CD (P = 0.014)
and increased VH:CD (P = 0.022) at the duodenum while
control birds had increased VH:CD (P = 0.008) at the jejunum.
Treatment interaction effect (P < 0.05) was observed at the VH
and VH:CD in the duodenum of broilers (Table 4).

Figure 3 presents the mean values of RSCPA and CV% for
broilers in HD control and isolated vs. UVB control and isolated
at 23 (1.23 and 1.28 vs. 1.17 and 1.12, P = 1.000, Figure 3A),
(25 and 21.95 vs. 27.73 and 26.02, P = 0.671, Figure 3B) and 35
days old (0.50 and 0.57 vs. 0.53 and 0.59, P = 0.955, Figure 3C);
(74.69 and 66.83 vs. 75.63 and 73.13, P = 0.111, Figure 3D),
respectively. The main effects of treatment showed that UVB
birds had better feathering/CV% at 23 (GLM: F1,126 = 4.72; P

= 0.0316) and 35 (GLM: F1,61 = 4.45; P = 0.0329) days of
age while isolation stress reduced feathering/CV% (GLM: F1,61
= 9.79; P = 0.0027) of broilers at 35 days of age compared to
their counterparts.

The mean GS of broilers in HD control and isolated vs. UVB
control and isolated were (0.31 and 0.81 vs. 1.13 and 1.25, P =

0.071, Figure 4A) at 24 and (1.40 and 1.75 vs. 1.13 and 1.25, P
= 0.461, Figure 4B) at 35 days old, respectively. UVB birds had
better (GLM: F1,61 = 6.62; P = 0.0125) GS at 37 days of age
compared to their counterparts (Figure 4).

The serum levels of CORT of broilers were higher in the
isolated chickens than the control chickens (W = 71.5, df = 3,
P = 0.0347) at 42 days of age (Figure 5).

DISCUSSION

This study was designed to understand the best strategy for
the provision of vitD3 to commercial broilers reared indoors
by providing either dietary vitD3 at 4,000 IU/kg or UVB light
to determine which was capable of improving physiological,
metabolic, and welfare indicators of broiler chickens challenged
with social isolation stress. To the best of the knowledge, this
is the first study to compare the effects of dietary vitD3 and
UVB light in broilers challenged with a stressor, in this case,
short periods of repeated social isolation. Despite relatively short
durations of social isolation, differences in CORT measured at
the end of the trial (42 days) indicated this challenge was a
stressor for broiler chickens, along with differences in organ
weight. Both dietary vitD3 and UVB light resulted in comparable
levels of serum 25-OH-D3, the major circulating form and
principal metabolite of vitD3. Broiler chickens challenged with
this stressor while receiving a UVB light source of vitD3 gained
less weight and had a lower feed intake but had comparable feed
conversion ratios. There were no interactive effects on welfare
measures of gait score and feather score. Thus, the results do
not support the hypothesis that UVB supplementation would
increase production parameters such as FCR and improve broiler
health and welfare for chickens under stress. There were some
differences between the main effects of dietary vitD3 and UVB
light and control vs. isolation groups which warrant further
discussion, as does the interpretation of the differences in body
weight observed between the treatments.

FCR was affected by the main effects of treatments, with lower
(improved) FCR under dietary vitD3 supplemented condition,
but both compared well with the target FCR of 1.5 for Ross
308. This study hypothesised that UVB light would have a
positive effect on FCR due to the super-visual eye system of
poultry, which allows the discrimination of a broad area of
the visible light spectrum (Akyüz and Onbasilar, 2018) and
could facilitate feeding. Light is one of the most important
environmental parameters in poultry production, not only
providing illumination for the birds but also regulating many
physiological processes such as vision which is important for
facilitating feeding (Olanrewaju et al., 2016; Rault et al., 2016;
Soliman and El-Sabrout, 2020). Birds gained more weight early
on (during the starter phase days 0–10) when under UVB light,
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FIGURE 5 | Effect of isolation treatment on serum corticosterone levels (ng/ml) of broiler chickens at 42 days of age after a repeated challenge of 15min of

social isolation.

so it may be that UVB light helped to stimulate early feeding but
does not seem to outperform dietary vitD3 by the time birds reach
slaughter age.

No differences in FCR were observed in broiler chickens
challenged with the 2-week social isolation stress period.
Inconsistent with the findings, previous studies reported
production performance (Goerlich et al., 2012), where chickens
that had experienced early isolation stress gained more weight
later in life and upregulation of early growth response 1 gene
(EGR1), though the study did not provide comparisons like
treatments in this study. In this study, there was an interaction
effect on weight, with the UVB light treated chickens that had
experienced isolation stress being lighter than the chickens which
received dietary supplementation and experienced the isolation
stress. This is interesting because, commercially, this is a less
desirable outcome; it does suggest some potential buffering effect
of UVB lighting in the effects of corticosterone, at least on the
impact on weight. The two studies differ in terms of the length
and number of repeats of the isolation in the current study, which
could explain the lack of a main effect of the isolation treatment.
It would be interesting to further explore the feeding behaviour,
weight gain and gene regulation in stressed chickens with and
without UVB supplementation.

Lupien et al. (2009) demonstrated that the rate of effect of
stress (amount and intensity of changes) could differ according
to the intensity and duration of stress. Isolated birds may
have engaged in compensatory feeding by increasing their
feed intake once they returned to the pens from isolation
since food was provided ad-libitum except during the isolation.

This may indicate a response to a sudden need to adapt to
fluctuating/challenging environments or a need to respond to
increased food availability (Lindqvist et al., 2007).

As 25-OH-D3 is the primary circulating form and
principal metabolite of vitD3 in blood, its concentration
reflects or measures the vitamin D status of the animal
(Browning and Cowieson, 2014). The UVB-treated broilers
had similar levels of 25-OH-D3 to HD. Inconsistent with
the present findings, previous research (Veleva et al., 2020)
reported that the UVB group patients with dementia had
lower serum 25-OH-D3 concentration compared to the
oral vitamin D supplemented group. This may be due to
species differences or differences in the intensity of the UVB
light supplementation.

The GIT is a highly complex and dynamic organ, which
plays a critical role in providing the biological environment
for nutrient digestion, absorption and immune response (Lan
et al., 2005). The broiler’s fast growth rate and increased GIT
stimulate feed intake (Garcia et al., 2013). The UVB light
improved proventriculus plus gizzard organ weight of broilers
at 42 days of age compared to the HD birds, indicating a good
digestive capacity for nutrient absorption. However, this did
not translate to corresponding differences in weight. Previous
research (Kokoszynski et al., 2017) has reported that the high
proportion of gizzard might indicate a good digestive capacity
for nutrient absorption. The increased weight of the bursa (an
immune organ) in UVB birds might be related to reduced stress
response and better adaptability to stress. The isolated birds had
significantly heavier small intestine, heart, and liver weight at 42
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days of age than non-isolated birds but did not translate to the
overall weight change.

Histomorphometric analysis is extensively used in
gastrointestinal pathophysiology studies, and its functional
status is defined by villus height and crypt depth (Laudadio
et al., 2012). For instance, an increase in villus height may
result in increased villus absorptive area and function, leading
to a higher digestive enzyme action and higher transport of
nutrients at the villus surface area (Tufarelli et al., 2012).
Therefore, an increase in villus height, villus height to crypt
depth ratio or decrease in the crypt depth is correlated with
an improvement in the digestion and absorption of nutrients
(Hou et al., 2013). Reduced CD and increased VH:CD on the
duodenum, as demonstrated by the UVB light supplemented
birds, indicated a better potential for nutrient absorption.
This is the first study that compared dietary vitD3 and UVB
light on the histology of broilers challenged with social
isolation stress.

Social relationships are beneficial for humans as well as
animals (Smith et al., 2011), especially for those animals that
live in groups (flock of chickens). Social isolation could impact
homeostatic stability and welfare integrity, leading to dysfunction
and detrimental health conditions (Westenbroek et al., 2004;
Grippo et al., 2007; Norman et al., 2010; Smith et al., 2011).
Veleva et al. (2020) reported that UVB light compared to oral
vitamin D showed no positive and beneficial effects on the well-
being of nursing home residents with dementia. Still, it was
observed that UVB light had a calming effect on the restless/tense
behaviour of nursing home residents with dementia (Veleva et al.,
2020). It also improved the mood, depressive disorders, and well-
being of patients indicating a positive effect of UVB light on
welfare (Veleva et al., 2018).

Intact feather cover is paramount for movement, flight,
skin protection from tissue damage and infections (LaBrash
and Scheideler, 2005), thermoregulation, and navigation of the
bird within its environment (Bilcik and Keeling, 1999). This
makes a non-intact feather cover a problem with potential risk
factors. Therefore, feathering acts as an essential social signal
or indicator of condition in broiler chickens with potential
welfare implications as it can be used to judge an individual’s
condition (Bulluck et al., 2017; Jovani and Rohwer, 2017). The
current study indicated that UVB light improved the feather
development and cover of broilers, while isolation stress reduced
it. This is the first research to determine the effect of dietary vitD3

and UVB light source on FS of broilers challenged with social
isolation stress.

Poorer walking ability (gait scores) was found in broilers that
received dietary rather than light supplementation of vitD3. It is
likely that this result is explained by differences in body weight
which would be consistent with a wealth of previous studies
(Kestin et al., 2001; Sanotra et al., 2001; Kristensen et al., 2006;
Caplen et al., 2012; Ogbonna et al., under review) which have
indicated that weight influences gait score. Rutten et al. (2002)

showed that the broiler’s walking ability was enhanced when
their body weight was reduced. Caplen et al. (2012) showed
that the lame birds walked slower and took shorter and quicker
strides than the non-lame broilers, which may be an attempt to
minimise discomfort and stress on the bones. Previous reports
(Maddocks et al., 2001; Bailie et al., 2013) suggested that the UVB
light increased activity and exploratory behaviours in chickens,
which in turn can positively improve the bone development and
tendons and consequently the walking ability of broiler chickens
(Foutz et al., 2007; Moussa et al., 2007).

Serum CORT concentration has been commonly used to
assess the stress response of poultry (Bortolotti et al., 2008;
Weimer et al., 2018). In the present study, social isolation
increased serum CORT levels in broilers. The effects of
treatments interaction on serum CORT were not investigated;
instead, this data was used to confirm the effects of the social
isolation treatment on broilers. The sample size in CORT was not
considered large enough to be able to detect interaction effects,
although this would be interesting to explore in future research.
It has been found that ultraviolet lighting lowered stress in Pekin
ducks (House et al., 2020b) and broilers (House et al., 2020a),
indicating that ultraviolet light could lower stress susceptibility.
Previous studies (Maddocks et al., 2001; Archer andMench, 2014;
Huth and Archer, 2015; Archer, 2019; Sobotik et al., 2019) have
also demonstrated poultry stress responses/parameters such as
CORT could be affected by light. Therefore, it is an area that
needs further exploration to establish the reason behind stress
overcoming properties of UVB.

CONCLUSIONS

The results of this study are mixed but indicate some positive
effects of UVB lighting on welfare indicators and the potential
to support early life growth. The possibility of UVB buffering
impacts of stress still warrants further investigation. Still, the
finding that weight gain was lower in the stress and UVB birds
could indicate some buffering of corticosterone effects on weight
gain. UVB light exposure in commercial broiler production
reared indoors, which are vulnerable to stressors, could be a
viable way to support health and welfare integrity.

It is recognised that the broiler’s social environment may
change dramatically, and stress has a detrimental consequence on
the health of broilers. Therefore, large sample size explorations to
thoroughly investigate the effects of dietary vitD3 and UVB light,
the association of sex differences in the social environment of
different species, strains, and breeds of poultry over a prolonged
period of isolation are needed.
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