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ABSTRACT

The global demand for eggpurce protein has been increasing rapadbng withthe
mounting publt concerns ovelaying henwelfare As a result, alternative hen housing has
been emerging and adopted in different paftthe world, especially in developed countries.
This dissertation had the overarching goal of generating the-meedted knowledge related
to alternative laying hen housing design and management for improved laying hen welfare,
efficiency of resource iization, and production performanc8upporting lis overarching
goal were two primary research objectives that aimed to quantify behavioral and production
performance responses of pullets and laying hens to perch design/configuration and light
type/souce. Towardthat end, his dissertation covered five experiments that were conducted
in controlledenvironment, aimingo supplement the existing knowledge base for the perches
and lighting used in egg production systems. Each experiammeid to fulfill a specific set
of objectives including 1) examineperchshape preference by laying hens and characterize
temporal perching behavior of novice héne prior perching experiencajter transfer from
pulletrearing cagedo enriched colony settinfChapter 2) 2) validate the suitability of the
existing perch guideline on the minimum horizontal space requirement between parallel
perches for laying hens (Chapter 3),gBjantify the performance of a poultgpecific LED
light vs. a warmwhite fluorescent light wh regards to their effects on pullet growing
performance, activityevels, and welfar§Chapter 4), 4)investigatelight preference of
pullets and laying hens between a poufipecific LED lightvs. a warmwhite fluorescent
light, and evaluate the potgal influence of prior lighting experience of birds on their

subsequent preference for light (Chapter 5), and 5) evaluate the effect of light exposure of a
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poultry-specific LED lightvs.a warmwhite fluorescent light during rearing or laying phase

on timng of sexual maturity, egg production performance, egg quality, and egg yolk

cholesterol content of laying hens (Chapter 6).

The main findings from the experimerdsvered in this dissertaticare as follows.
The novice young hens showed increasingafsgerches over time, taking them up t® 5
weeks of perch exposure to approach stabilization of perching behavithe enrich colony
setting;andthe birdsshowed no preference for the perch shape of round or hex@papter
2). The horizontal distane of 25 cmbetween parallel perches was shown to be the lower
threshold to accommotiae t he henbés |(Chapterh3). e poubtrgspexifici or s
LED light and thefluorescentight yielded comparable growing performance, livabjland
feather condibns of W-36 pullets during theearing phase, but thgoultry-specific LED
light showed more stimulating effect on the pullet activity levéShapter 4).Pullets and
laying hensexhibiteda somewhat stronger choice for therescent lightas comparedtthe
poultry-specific LED light regardless oprior lighting experiencehowever,this tendency
did not translate to differences in the proportiofieafd use under each light tyfi@hapter 5).
The poultryspecific LED lights yieléd comparable productioperformance and egg quality
of W-36 laying hens tahe fluorescent lights(Chapter 6).Resultsfrom this dissertation
researchare expected to contribute to a) scientific information on laying hen perch design
and placemeraind responses of novice birdsperch introduction, b) scientific evidence for
setting or refining guidelines on horizontal distance of perches for laying hens in alternative
henhousing systems, and decisioamaking in selection of lighting type or souréer
efficient pullet reamng and egg productiohe research also identified areas that may be

considered in the future studies.



CHAPTER 1

GENERAL INTRODUCTION

Introduction

Egg production has undergone remarkable advancements over the past six decades.
From 1960 to 2016, the anal egg supply in the U.S. has increased by approximately 60%
(USDA, 2017) In the meantime, according to a life cycle assessment conducted by the Egg
Industry Center, the total environmental footprints of the U.S. egg industry reduced
drasticaly by over 50% over the period of 19@010 (Pelletier et al, 2014) The
advancements of the egg production were attributed to the improvements in poultry breeding
and genetics, disease prevention and control, housing and environmental management,

nutritional care and utilization efficiency in feed and other natural resowasesell as the

increased crop yieldéXin and Liu, 2017) According to the #AChi ck

Summaryo from the National Agricultural St at

egg production on hand in 2016 was 279 eggs per [@@DA, 2017) With an average of

365 million layers in stock during 2016, the U.S. annual total egg production reached 102
billion eggs(USDA, 2017) Though egg industry in the U.8nd many other countries has
achieved an unprecedented production scale and efficiency, the global demand-for egg
source protein has been increasing rapidly due to the growing population and rising income,
particularly in developing countries. The worldalopopulation will reach 9.15 billion in

2050 according to the United Nations World Population Prospleet2008 revisiofUnited
Nations, 2008) Based on this assumption, the Food and Agriculture Organization (FAO)

predicted that in order to satisfy the expected food and feed demand, global food production



will be required to have a substantial increases of 70% by 2050yimycan additional
guantity of approximately 40 million tons of egg product(6®AO, 2009;Alexandratos and
Bruinsma, 2012)Considering the scarcity of the natural resources that can be used for food
and feed production, along with the increasing challenge to feed the world in the foreseeable
future, further improvement in utilization efficiency of natural resources (e.g., \fesdr,

land, energy) in egg production is imperative.

Along with the increasing demand for anirsalurce protein over the past six decades
is the mounting public concerns over animal welfare, which continually calls for the
industries and legislations timprove animal welfare during production. The mounting
pressure for the egg industry has led to development and adoption of alternative egg
production systems (e.g., enriched colony, eage aviary, free¢ange housing) that aim to
better accommodate tumal behaviors of birds (e.g., perching, nesting, dustbathing, foraging),
thereby yielding plausibly improved animal welfg¥én and Liu, 2017) Work on alternative
egg production systenstarted in the 1970s and was most active in the 1980s, and primarily
aimed at reducing welfare problems during egg production by replacing conventional cages
(Appleby, 2003) One of the most important milestones of the egg industry is the passing of
the European Union Council Directive 1999/74/EC, a legislation that established the
minimum standards for protection of laying hens, including the ban on conventional cages in
EU from 2012 (Council Directive 1999/74/EC, 1999Be c aus e of t he EUG
conventional cages, the alternative housing systems have been finding increasing adoption in
egg production worldwideAs most laying hens are still housed in conierdl cages in the
United States (approximately 85%) and many other majorpegducing countries (e.g.,

China, Mexico, Japan, Indiargand Brazil), a substantial increase in adoption of the



alternative housing systems is likely to happen in the foresekdbie (e.g., more than 100
retailers, grocers, restaurant chains and entertainment companies in the U.S. have pledged to
source only cagéee eggs by 225 or 2030, amounting to more than 72% of the current U.S.
national layer inventory)Xin and Liu, 2017) However, the saalled welfarefriendly
alternative housing systems also have their own disadvantages regarding the laying hen
welfare, such as piling, pecking, keel bone deformatiod,raechanical injuries that lead to
elevated mortality or morbiditylo fulfil the increasing demand for ameliorating laying hen
welfare, research toward eliminating the negative impacts of the alternative housing systems

on laying hens is urgently needed.

Based on the information described above, research described in this dissertation had
the overarching goal of generating the mneleded knowledge related to alternative laying
hen housing design and management for improved laying hen welfare, effioferespurce
utilization, and production performance. Supporting the overarching goal were two primary
research objectives that aimed to quantify behavioral and production performance responses
of pullets and laying hens to perch design/configuration ajid type/source. Perch and
lighting are two crucial external factors in egg production systems that impact bird behavior,
development, production performance, health, and welfare. The importance of perch and
lighting has made them research hotspots insttientific and industry communities for
several decades. The following sections describe perches and lighting used in egg production

systems.



Perches and Lighting Used in Egg Production Systems
Perches in Egg Production Systems

Modern breeds of layingens originated from red junglefowGéllus gallug in that
red junglefowl was first domesticated in Asia at least five thousand years ago. Perching is a
natural behavior of red junglefowl! (Fig. 1). Under natural conditions, red junglefowl usually
perch o tree branches or bushes to roost at night to keep themselves away from potential
dangers from the ground (e.g., nighinting ground predator{Struelens and Tuyttens,
2009) Despite the longerm domestication, perching behavior has not been lost in domestic
laying hens (Fig. 1). Indeed, laying hens are highbtivated to roost on elevated perches at
night in modern egg production systems when elevated perches are priWidekis and
Nicol, 2006;Hester, 2014)Research found that hens were prepared to work by pushing open
weighted doos for access to perches for nighttime roosting, and displayed signs of unrest
when roosting was thwarte@DIsson and Keeling, 200MlIsson and Keeling, 20D2A
summary of scientific studies regarding perch use and perching behaviors of laying hens is
listed in Table 1Typically, when perch space is sufficiembost of laying hengabout80-
100% of the total hengyill roost on elevated perches throughout the nighttime. In contrast,
the use of perches is considerably less during the daytime as compared to nighttime. During
the daytime, laying hens jump on and off perches frequently aml sgbout 250% of time
roosting on perches. According to the scientific evidence about hen motivation to perch,

perching behavior has been considered a high behavioral priority of laying hens.



Figure 1.Red junglefowl roosting on tree branches Jedind laying hens roosting on perches (Aght

With the scientific knowledge indicating that perching is a high behavioral priority of
laying hens, requirements or legislations for providing appropriate perches to laying hens
appeared. Switzerland $ir established legislation to improve welfare of laying hens in that
conventional cages were banned in 1992 and all housing systems must provide at least 14 cm
of elevated perches per h@dAne et al, 2000;Kappeli et al, 2011) Thereafter, the EU
Directive set forth the minimum standards, which states that perch must have no sharp edges
and perch spacenust be at least 15 cm per hen in alternative hen housing systems. In
addition, horizontal distance between perches and between perch and wall should be at least
30 and 20 cm, respective{Zouncil Directive 1999/74/EC, 1999 s a result, perch became
one of the most essential enrichments in alternative housing systems. ddoambiguities
and debates existed due to unclear statement in perch design (e.g., material, color, height,
shape, and size) and lack of substantive scientific information at that time. Some researchers
criticized that this directive was more about sgirgj public opinion than to meet laying

hends ac$avosy|200d)tnahd U.S., there is no specific legislation regarding the

ISourcehttps://www.cacklehatchery.com/media/catalog/product/cache/1/image/9df78eab33525¢tmti6e
27136€e95/s/h/shutterstock_160677413.jpg

2Source:http://media.npr.org/assets/img/2014/12/29/enrichgd_custom
bdef4c96a151db26825b3bc07edeae34c13a500R@c85.jpg
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https://www.cacklehatchery.com/media/catalog/product/cache/1/image/9df78eab33525d08d6e5fb8d27136e95/s/h/shutterstock_160677413.jpg

use of perches in egg production systems so far. However, due to the increasing adoption of
enriched colony and cageee systems, therare several certification programs (e.g., UEP
Standard, American Humane Certified Standard, and HFAC Standard) that set standards for
providing laying hen perches in alternative housing systems. For illustration, a summary of

legislations or standards fproviding perches in egg production systems is listed in Table 2.

Effects of providing perches to laying hens and laying hen perching behaviors have
drawn extensive attention of researchers and egg producers over the past four decades. Many
studies hag been conducted to investigate perch design (e.g., type, shape, size, texture, and
material) and spatial perch arrangement (e.g., height, angle, and relative location). These
studies mainly focused on the effects of perch provision on production perfinieug.,
body weight, egg production, egg quality, feed usage, and feed efficiency), health and
welfare (e.g., skeletal and feet health, feather condition, and physiological stress), and
perching behaviors (e.g., perch use and preference) of laying ®&nslens and Tuyttens,

2009; Hester, 2014Panel and Ahaw, 2015Results of studies from both laboratory and
commercial settings have shown benefits as well as detriments of providing perayasgo |

hens. For example, use of perches can stimulate leg muscle deposition and bone
mineralization Ennekinget al, 2012 Hesteret al, 2013a) increase certain bone volume and
strength(Hugheset al, 1993 Appleby and Hughes, 199®arnettet al, 2009) reduce
abdominal fat depositior(Jiang et al, 2014) and reduce fearfulness and aggression
(Donal dson and .®owewen keellbbne defnities,) foot disorders (e.g.,
bumble foot) and bone fractures have also been reported to be associated with perches
(Applebyet al, 1993 Tauson and Abrahamsson, 19®bnaldsoret al, 2012) Moreover,

controversies occur when contradictory results are derived from different experiments. For



instance, some studies showed beneficial impacts of perches loer featdition or mortality

of laying heng(Duncan et al., 1992Glatz and Barnett, 1998)echsler and HubeEicher,

1998, whereasothers showed detrimental impad¢iBauson, 1984Moinard et al, 1998
Hesteret al, 2013b) Recently, European Food Safety Authority (EFSA) Panel on Animal
Health and Animal welfare (AHAW) conducted systematic and extensive literature reviews
to assess the ampriate height and position of perches, as well as perch design features (e.qg.,
material, color, temperature, shape, width, and length), and found that relevant features of
perches are often confounded with others with regards to their impacts on legs(@&nel

and Ahaw, 2015)In addition to perch characteristics mentioned above, the management of
pullets and laying hens (e.qg., timing of perch introduction to birds) will also have an impact
on laying hen pehing behaviors and performandeesearch found that rearing pullets
without early access to perches, in some ways, would impair the spatial cognitive skills of
hens(Gunnarssoret al, 2000) thus may be detrimental to their subsequent perching ability
and longterm welfare. Similarly, studies showdthat early assess to perches had positive
effects on musculoskeletal health of pullets as well as subsequertetandpealth of hens

(Hesteret al, 2013aYanet al, 2014;Habinskiet al, 2016)



Table 1.Summary of studies regarding perch, perch asd,perching behaviors of laying hens

Age Perch Perch Utilization
Breed (ng) Space Tvne Height Daytime  Night Reference
(cm/bird) yp (cm) (%) (%)
White Leghorn ~ 22-82 12 round wood 75 2050 80100  Tauson (1984)
(d =33 mm)
. round wood
White Leghorn  16-56 16 (d = 33 mm) 7.5 25 (Braastad (1990)
11.25 rectangular Applebyet al.
ISA Brown 1871 15 (50 x 25 mm) 7.5 25 76-85 (1992)
11.25 round softwood 60-72
ISA Brown 20-72 15 _ 7.5 41-47 72-78 Duncanet al.(1992)
(d =35 mm)
225 99
rectangular softwood Applebyet al.
ISA Brown 1872 15 (50 x 25 mm) 9 25 90-94 (1993)
. round hardwood Abrahamsson and
White Leghorn  19-80 12 (d = 36 mm) 7 25 90 Tauson (1993)
. 12 round softwood
White Leghorn  20-80 16 (d = 36 mm) 7.5 20-26 93-99
plastic mushroom Tauson and
White Leghorn  20-80 (48 x 68), 2325  ggoa Abrahamsson (1994
round softwood
(d = 36)
rectangular softwood g g Appleby and Hughes
ISA Brown 20-44 15 (50 x 25 mm) 9 32-37 92-98 (1995)
12
13 rectangular softwood
ISA Brown 1872 14 (50 x 25 mm) 9 30-36 81-95 Appleby (1995)
15
. 45 Wechsler and
White Leghorn  19-30 15 70 31-35 HuberEicher (1998)
23 .
. rectangulahardwood Olsson and Keeling
White Leghorn 36 90 (45 x 45 mm) gg 97-99 (2000)
17.5 Cordiner and Savor
ISA Brown 4352 15 35 24 18 y
70 (2001
softwood rails with 20
White Leghorn  3-18 %8 beveled edges 40 38 New(k;%r(;)]/-()et al.
(30 x 30 mm) 60
Lohmann
Brown,
Lohmann White, 20-80 ié 6s8g  al ér(‘)%;)‘""uson
Hy-Line White,
Hy-Line Brown
. rectangular wood Valkonenet al.
White Leghorn  16-42 17 (23 x 30 mm) 28 65-70 (2009)
. oval wood
Hy-Line Brown 2967 15 (36 x 30 mm) 9 21-37 30-66 Barnet et al.(2009)
rectangular wood Struelenst al
Bovans Goldline 1824 (13, 30, 45,60, 75,90 12 47-51 (2009) ’
105 x 15 mm)
round wood, steel, anc
White Leghorn 1827 20 rubber cover 40 97.5 Pickelet al.(2010)
(d =27, 34, 45 mm)
White Leghorn 18 20 round metal 40 93 Pickelet al.(2011)

(d = 34 mm)




Table 2.Legislations or standards for providing perches to laying hens in egg production systems

Standard/Legislation

Housing
Type

Requirements

EU Directive

(Council Directive
1999/74/EC, 1999)

noncage
systems

at least 15 cm per hen

at least 30 m horizontal distance between perches

at least 20 cm horizontal distance between the perch and the wall
no sharp edges

must not be mounted above the litter

enriched
cages

at last 15 cm per hen

UPE Standard

(UEP, 2017)

cagefree

at least 15 cm per hen

at least 30 cm horizontal distance between perches

at least 30 cm horizontal distance between the perch and the wall
at least 20% of the perch elevated to a minimum of 40 cm above 1
adjacent floor

at least 20 cm from the top of tperch to the ceiling or other
structures

American Humane Certified
Standard

(Amercian Humane, 2017)

enriched
colony

at least 15 cm per hen

at least 24 cm of clear head heighowe (20 cm for perches over
internal feed troughs)

25-45 mm in width at the top

a gap of no less than 13 mm on either side of any perch

no sharp edges

American Humane Certified
Standard

(Amercian Humane, 2016)

cagefree

at least 15 cm per hen

at least 30 cm horizontal distance between perches

at least 30 cm horizontal distance between the perch and the wall
at least 20% of the perch elevated teld® cm above the adjacent
floor

at least 2 cm of clear height above perches (20 cm of clear heighi
over internal feed troughs)

2545 mm in diameter

HFAC Standard

(HFAC, 2017)

all systems

> DD D> DD DD D>y DD D (DD D> D> D

at least 15 cm per hen

at least 30 cm horizontal distance between perches

at least 20 cm distance from any wall or ceiling

atleast 20% of the perch elevated 00 cm above the adjacent floo
a gap of no less than 13 mm on either side of any perch

at least 2.54 cm wide at the top (rounded perches must have a
diameter of not less than 2.54 cm and not greater than 7.6 cm)
no starp edges

replacement pullets must have access to perches starting before
weeks of age
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Lighting in Egg Production Systems

Artificial light sources have been used in egg production systems for many decades
(Fig. 2). As light is a crucial enviromental factor that affects behavior, development,
production performance, health, and wating of poultry(Lewis and Morris, 1998Parvin
et al, 2014) lighting in egg production systems hasawn much attention from both
scientific and industrial communities. In general, lighting used in egg production systems
has various characteristics that can greatly impact birds, mainly including photoperiod, light

intensity, and light wavelength or color

Research on poultry lighting dates back to the early 1930s. Since then, extensive
research has led to a broad understanding of lighting effects on poultry. The early studies
mainly focused on the impacts of photoperiod and light intensity on behagi@mlogment,
production, and reproductive traits of poultry. For example, studies found that sexual
development and maturity of pullets were associated with changes in photoperiod, while
activity levels of birds were positively correlated to light intensiil those early studies
have led to the establishments of general lighting guidelines on photoperiod and light
intensity for improved animal performance and energy efficiency (e.g., ASABE EP344.4
Lighting systems for agricultural facilities, Hyne Cammercial Layers Management

Guideline).

In more recent decades, the emphasis of poultry lighting has been placed on various
light colors (e.g., blue, green, red, and white) and lighting sources (e.g., incandescent,
fluorescent, and LED lightgl.ewis and Morris, 2000Rarvinet al, 2014) A list of studies
concerning these aspects is summarized in Table 3. The transformation of research emphasis

to light colors and lighting sources was mainly caused the increasing understanding on
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poultry physiology (e.g., poultry vision) and the advancement of lighting technology (e.g.,
the emerging LED lights). Research has shown that poultry and humans havatdifjbie
spectral sensitivities (Fig. JPrescottet al, 2003 Saunderset al, 2008) When humans
have three types of retinal amrphotoreceptors, poultry have five that are sensitive to
ultraviolet, short, medium, and longwavelength lights(Osorio and Vorobyev, 2008)
Compared to humans, poultry can perceive light not only through their retinal cone
photoreceptors in the eyes, but via extra retinal photoreceptdns iorain (e.g., pineal and
hypothalamic glandsjMobarkey et al., 2010) Retinal cone photoreceptors produce the
perception of light colors by receiving lights at the peak sensitivities of approximately 415,
450, 550, and 700 nif.ewis and Morris, 2000)in contrast, the extra retinal photoreceptors
can only be activated by longavelength lights (e.g., red) that can penetrate the skdll an
deep tissue of poultry hedtlewis and Morris, 2000)With the knowledge fothe spectral
sensitivity of poultry, considerable efforts have been made to understand poultry responses to
light stimulus and to impact poultry (e.g., growth, reproduction, and behavior) by

manipulating light stimulations to their retinal and exttinal photoreceptors.

Research has demonstrated that red lights have an accelerating effect on sexual
development and maturity of poultry, and can facilitate egg production as compared-to short
wavelength lights (e.g., green and blue ligh(gYoodardet al, 1969;Harrisonet al, 1969;
Pyrzaket al, 1987; Gongruttananun, 201Min et al, 2012; HuberEicher et al, 2013
Baxter and Joseph, 201Wanget al, 2015;Yang et al, 2016) In contrast, some studies
found that exposure to shewiavelengh lights (e.g., green and blue lights) led to improved
egg quality (e.qg., increased egg weight, shell thickness, or shell strength) as compared to

exposure to longvavelength lights (e.g., red lighiPyrzaket al, 1987;Er et al, 2007;Min
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et al, 2012;Hassaret al,, 2014;Li et al, 2014) In addition, blue lights are found to be more
assocated with improving growth, calming the birds, and enhancing the immune response
(Prayitno et al,1997;Rozenboimet al, 2004;Caoet al, 2008 Xie et al, 2008 Sultanaet al,

2013) Based on these earlier research findings, many lighting manufacturers have designed
LED lights specifically for poultry production by integrating some light traits that have been
shown to be benefial to certain poultry production aspect (e.g., growth, reproduction, or
well-being). Figure 4 illustrates the spectral characteristics of some emerging{speitiiic

LED lights by comparing with the traditional incandescent and fluorescent ligltswéll

known that the LED lights have advantages over the traditional incandescent and fluorescent
lights on their operational characteristics (e.g., more ergffigyent, durable, and
dimmable). As the emerging poulispecific LED lights are increasihyg finding
applications in egg production systems, the increasing adoption of the emerging LED lights

may contribute to the further improvement of egg production.

N TR R e Y

Figure 2. Examples of artificial light sources used in laying hen housing sy&tems

3Sourcehttps://www.hato.lighting/sites/default/files/HAT0%20CORAX%20lighting%20t&%20stable%20
600x400_0.jpg
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—Human —Poultry

Spectral Luminous Efficiencies

330 380 430 480 530 580 630 680 730 780
Wavelength (nm)

Figure 3. Spectral sensitivities of humans and poultry at various waveléngths

@Dim-to-Blue® PS-LED [ Dim-to-Red® PS-LED [ Warm-White Fluorescent [lIncandescent

Relative Luminous Power

Wavelength (nm)

Figure 4. Spectral characteristics of the incandescent light, fluorescent light {white), and
poultry-specific LED lights (Dimto-Blue® PSLED and Dimto-Red® PSLED, PSLED = poultry
specific LED light}.

4 Data from book: Poultry lighting the theory and practice. Peteris (2006
5 Figure frompaper Choice between fluorescent and poukpecific LED lights by pullets and laying hens.
Liu et al.(2017)



Table 3.Summary of studies regarding light colors or lighting sources in egg production systems
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Experimental Light

Test Parameters Reference

incandescent, coalhite, softwhite
fluorescent,
green, gold, blueed

mortality, age at sexual maturity, egg production  Carsonret al. (1958)

red, green, white fluorescent

cannibalism, body weight, mortality, egg productio Schumaieet al.(1968)

blue, green, red, clear

sexual maturity, egg production, egg weight Harrisonet al.(1969)

incandescent, blue, greed, red

egg poduction Harrison (1972)

incandescent, fluorescent

body weight, feed intake, egg production, fertility ar .
hatchability of eggs Sipoes (1984)

blue, green, red, coalhite, sunlight
simulating fluorescentpcandescent

sexual maturity, body weight, abdominal fat Pyrzaket al.(1986)

blue, green, red, coathite, simulated
sunlight fluorescent, incandescent

egg production, egguality Pyrzaket al.(1987)

incandescent, compact fluorescent

preference Widowski et al. (1992)

incandescent, fluorescent

Boshouwers and

physical activity, energy expenditure Nicaise (1993)

high-frequency, lowfrequency

preference Widowski and Duncan

compact fluorescent (1996)
mini-fluorescent, green, red, infrarec . . . Rozenboinet al.
LED eqy production, feed consumption, egg quality (1998)

high-pressure sodium, incandescen

Vandenbert and

preference Widowski (2000)

blue, green, red LED

egg weight, egg quality Er et al.(2007)

white, green

body weight, feed intake, sexual maturity, egg

production, egg quality Lewiset al.(2007)

red, orange, yellow, green, blue, viole

Kavtarashviliet al.
(2007)

mortality, sexual maturity, egg production, feed
consumption, egg quality

fluorescent, red LED

body weigh, feed consumption, mortality, sexual

maturity, egg production, egg quality, eye morpholo Gongruttananun (2011

incandescent, what blue, red LED

sexual maturity, egg production, egg quality, feed

intake, feed conversion, ovary weight, Min et al.(2012)

white, green, red LED

HuberEicheret al.
(2013)

behavior, body weight, feed consumption, sexual
maturity, egg production

incandescent, blue, yellow, green, re:
white LED

egg production, egg weight, feed intake, egg quali  Borille et al. (2013)

red, green, blue, white

egg production, egg weight, egg quality, feed intak
feed conversion, sexual maturity, reproductive
hormones

Hassaret al. (2013)

green, white, red

sexual maturity, egg production, body weight, stre:  Baxteret al.(2014)

white, green, red, blue

behavior, egg production, egg weight, feed intake, f

conversion, egg quayit Hassaret al. (2014)

blue, green, red, white

body weight, sexual maturity, egg produacti@gg

quality, fertility and hatchability, hormone Li etal.(2014)

incandescent, fluorescent, LED

body weigh, sexual maturity, egg production, egg

quality, feed intake, feed conversion, Kamanliet al. (2015)

blue, green, red, white

egg production, melatonin receptors Li et al.(2015)

red, white, blue, yellow, green

egg production, egg weight, feed conversion, eg¢

. Borille et al. (2015)
quality,

blue, green, red, yellow

Svobodovéet al.

egg production, egg weight, mortality, bacterial stre (2016)

fluorescent, LED

Longetal. (2016a)
Longet al.(2016b)

light operational traits, egg production, egg quality
mortality, feed intake, feed conversion, stress, welfi
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Existing Issues and Rsearch Needs

With regards to the perch used in egg production systems, although extensive
research has been conducted to investigate the effects of perch provision on perching
behaviors, production performance, health, and welfare of laying hether the egg
industry nor the scientific community has designed a perfect perching system so far. As
described earlier, the provision of perches in hen housing systems could still lead to many
detrimental effects (e.g., keel bone deformities, foot disordedsbane fractures) that would
negatively impact production and welfare of the birds. Therefore, to enhance production
efficiency and welfare of laying hens, considerable efforts are still needed towards
optimizing perch design (e.g., shape, size, textumaferial, and temperature), spatial
arrangement (e.g., height, angle, and relative position), and management (e.g., timing of

birdés introduction to perches).

In terms of the lighting used in egg production systems, more eeéfiggnt,
readilydimmabk, longlasting, and more affordable LED lights are increasingly finding
applications in egg production operations. Just as CFL lamps have been replacing
incandescent lamps, LED lights will replace CFL lamps and become the predominant
lighting source in tb foreseeable future. However, the existing lighting guidelines or
recommendations (e.g., Hyne Commercial Layers Management Guideline) were mainly
established based on the traditional incandescent or CFL lights, which may not accurately
reflect the opeational characteristics and impact of the LED lights on birds. In addition,
despite anecdotal claims about advantages of some commercial speitific LED lights
over traditional incandescent or fluorescent lights on poultry performance and behawior, da

from controlled comparative studies are lacking. Therefore, there is a need for more research
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regarding the impact of poultgpecific LED lights on poultry and the corresponding lighting

strategy for sustainable egg production.
Objectives and Outline d the Dissertation

This dissertation includes seven chapters. Besides the current chapter (Chapter 1),
each of the following five chapters (Chapter§)Zepresents an experiment conducted in an
environmendcontrolled laboratory that supplements the éxgsknowledge base on behavior
and production responses of pullets and laying hens to the enriched housing (with perches)
and lighting (poultryspecific LED light vs. fluorescent light). All the experiments are
summarized in the final chapter (Chapteralpng with a general discussion on the practical
implications and future research needs. The experiments in this dissertation address the

following specific objectives:

1) Advance the understanding of peitape preference by laying hens and characterize
temporal perching behavior of novice heaf$er transferred from pulletaring cage
into enriched colony settingchieved by continuously quantifying perch utilization
and perching behaviors of hens using a sehased automated perching monitoring
system(Chapter 2);

2) Validate the suitability of the existing perch guideline on the minimum horizontal
space requirement between parallel perches for laying hens, achieved by assessing the
behavior responses of laying hens to a range of horizontal distancesmgavallel
perches (Chapter 3);

3) Assess the performance of a commercial potdpgcific LED lightvs.a warmwhite
fluorescent light with regards to their effects on pullet growing performance, activity

levels, and welfare conditions, achieved by meaguphysiological conditions of
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individual birds and quantifying flock movement index using computer vision
analysis (Chapter 4);

4) Explore light preference of pullets and laying hens between a commercial poultry
specific LED lightvs. a warmwhite fluorescen light, and evaluate the potential
influence of prior lighting experience of birds on their subsequent preference for light,
achieved by comparing their fredoice behaviors in preference test compartments
(Chapter 5); and

5) Evaluate the effect of light @wsure of a poultrgpecific LED lightvs.a warmwhite
fluorescent light during rearing or laying phase on timing of sexual maturity, egg

production, egg quality, and egg yolk cholesterol content of laying hens (Chapter 6).

Key Experimental Setups and Méhods Usedin the DissertationResearch
SensorBased Automated Perching Monitoring

A reakttime, sensebased perching monitoring system was built by incorporating six
pairs of loadcell sensors (Model 642C, Revere Transducers Inc., Tustin, CA, USA)
suppoting six metal perches, coupled with a LabVIE)&sed data acquisition system
(version 7.1, National Instrument Corporation, Austin, TX, USA). This monitoring system
consisted of a compact FieldPoint controller (NI €20, National Instrument Corporation)
and two 8channel thermocouple input modules (NI €FE-120, National Instrument
Corporation), collecting data at 1 Hz sampling rate. In each of the experimental pens (Fig. 5),
a pair of loaecell sensors was fitted with the adjustable brackets and acbtpla metal
perch, forming the weighing perch (Fig. 6a). The data acquisition system automatically read
analog voltage outputs of the weighing perches and converted the electronic signals to load

weight using pralefined calibration equations (Fig. 6bheteby providing reaime
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measurement of load weight on the perches (Fig. 6¢). The load weight of perching birds on
each perch was then converted to the number of perching birds on the corresponding perch
(Fig. 6d) by using a series of determined weigineésholds. With using this system, perching

behaviors of the experimental birds were continuously monitored throughout the test period.
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Figure 5. A schematic representation of the experimentat.pen
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Figure 6. An automated perching monitoring system.Waighing perches, (b) linear response of
loadcell scale output to load weight, (c) load weight of perching hens on each perch, (d) number of
perching birds on each perch.

8 Figure from paperEffects of horizontal distance between perches on perching behaviors of Lohmann hens
Liu and Xin (2017)
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Computer Vision-Based Locomotion Quantification

Locomotion behaviors of pulletsere recorded using four cameras (720P HD, night
vision, Backstreet Surveillance Inc., UT, USA) per room (Fig. 7) at 5 frames per second
(FPS). Video analysis was done using automated image processing programs developed in
MATLAB (MATLAB R2014b, The MathWoks, Inc.,Natick, MA, USA), mainly including

image stitch, subtraction, conversion and binarization.

_______________________________________

b F

(1) Nipple drinker (2) Feeder (3) 3-tier Perch set (4) Wood-shaving floor

Figure 7. Schematic (left) and top photographic view (right) of the puttating room

Movement index M) was used as the behavioral parametar doantifying
locomotion of the pullets, defined as the ratio of cumulative displacement area caused by
moving pullets to the entire floor area at Intervals. To calculate MI, image processing
procedures were applied to the captured tsmees video fimes (5 FPS) according to the

following equations.

Pm(xy, f)=PR(xy f) -Rxy f 13 [1]

Pm'(x, y, f)=0.29893Pm (Xx,y,fx ©.5870 Pm & y.,fo) Ot1140mR3X Yy fs [2]

" Figure from paperEffects of lightemitting diode light v. fluorescent on growing performance, activity
levels and welbeing of norbeaktrimmed W36 pullets. Liuet al. (2017)



20

él, Pm'(x,y, f)>t

P " Xl ] f = H 3
%y ) :'O, otherwise 3]
2 Pmt(x Y, f
MP( f) =100° a(x*y_)', (nPren b [4]
A (xyy 1(1)?

Where Pm(X, v, f)is the difference of the RGB values of the pixels at coordi(gtey)

between two successive image franfieend f-1; P(X, y, f)is RGB value of the pixel at
coordinate(x, y) of the image famé& P06 ( X , is tlye, diffédrepce of the intensity values of

the pixels at coordinaté&, y) between two successive image frathendf-1; Pm(X, vy, Tk,

Pm(X, Y, T, Pm(X, y, Tk representsed, green and blue color valueR(x, y, f) respectively;

Pm0 6 ( X ,is the pinarfy yalue oPn0 ( X ,, 1 wr,0, répjesenting pixel with or without
movement, respectivel y; U i s MPMH is the ratioefs h o | d
movement pixels between two successive image frahsxl{-1) to the entire image frame

pixels of framef; I(f) is imageframef (Fig. 8). MI over ks interval at timet, MI(t), was

calculated as
MI (t) = (f&sri_lMP(f))t (5]

wherer represents frame rate= 5 FPS. To minimize the noises and random errors derived
from video recording procedures, mean movement inb#M ) over Iminute interval at
minutei, MMI(i), was calculated, of the following form,

ab2,(m ON

50 [6]

MMI () = (

The resultant timeseries MMI values were used to eliate the pullet activity levels.



Figure 8.Image processing for determining movement idd@) Current image frami¢f), (b)
previous image framif-1), (c) greyscale differential betwed(f) andl(f-1), (d) binary differential.

Computer Vision and SensofBased Preference Assessment

A reattime sensobased feeding monitoring system was built by incorporating four
load-cell scales (RL1040I5, Rice Lake Weighing Systems, Rice Lake, WI, USA) with a
LabVIEW-based data acquisition system (versiah Rational Instrument Corporation). The
system consisted of a compact FieldPoint controller (NI-2620, National Instrument
Corporation) and multiple thermocouple input modules (NI -€EP120, National
Instrument Corporation). The data were collectetisintervals. Feeder weight was used for
determining daily feed use by calculating the feeder weight difference between the beginning

and the end of the day.

8 Figure from paperEffects of lightemitting diode light v. fluorescent on growing performance, activity
levels and wetbeing of norbeaktrimmed W36 pullets. Liuet al.(2017)
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A reaktime vision system was built and used by incorporting four infrared video
cameras (G831SM/B, Gadspot Inc. Corp., Tainan city, Taiwan, China) and -#aR€d
video capture card (G®@00B-16-X, Geovision Inc., Taipei, Taiwan, China) with a
surveillance system software (Version 8.5, GeoVision Inc.). One camera was installed atop
each cage antkcording topview images. This vision system could record images from all
four cameras simultaneously at 1 FPS. Distribution of the birds in the light preference test
compartmentsL(PTC) (Fig. 9) was analyzed using an automated image processing program
in MATLAB (R2014b, MathWorks Inc.) and VBA programs in Excel (Microsoft Office 2016,

Redmond, WA, USA).

Figure 9. A schematic representation of the light preference test system

The algorithm for determining the dristribution of the birds in th& C® consisted of
four main procedures: 1) extracting pixels representing the birds in each image (Fey. 20a

counting number of bird blobs detected in each image (Fig. 10e), 3) determining area of each

9 Figure from paperChoice between fluoresceand poultryspecific LED lights by pullets and laying hens.
Liu et al.(2017)



