
ABSTRACT 

WU, CAROL. Effects of Diet and Management Practices on Turkey and Broiler Meat Quality 

and Muscle Myopathies. (Under the direction of Dr. Kimberly A. Livingston) 

 

 A series of three experiments were conducted to determine the effects of diet and 

management practices on turkey meat quality and muscle myopathies, namely white striping 

(WS) and wooden breast (WB). In Manuscript I, different stocking densities (m2/bird) were 

examined on turkeys and its effect on welfare, meat quality, and economic impact. Overall, as 

stocking density decreased, body weight increased with no differences in feed conversion ratio 

(FCR) or feed intake (FI).  Birds with a lower stocking density did have a higher thigh yield (%); 

however, there no other differences in regards to meat quality or yield were observed. Stocking 

density did not impact mortality.  

 In Manuscript II, supplemental levels of Glutamine (Gln) and Arginine (Arg) were 

examined to determine their effect on live performance, blood physiology, meat yield, and 

quality on broilers. Supplemental Gln and Arg had no significant effect on live performance 

parameters or meat yield. Supplemental Gln did initially exhibit decreased levels of blood pH, 

partial oxygen, total carbon dioxide, and glutamine. However, as broilers got older, the 

differences in blood chemistry neutralized. Supplemental Gln and Arg exacerbated WB with no 

differences in WS. 

 In Manuscript III, diets containing salt and sodium bicarbonate as well as differing levels 

of physical activity in broilers were also compared to determine their effect on live performance, 

blood physiology, meat yield, and quality on broilers. Broilers who were more active exhibited 

higher body weights with no differences in FCR; however, the differences in body weight did not 

translate to improved dressing yield. Birds fed sodium bicarbonate there was a trend for 

increased WS score with no differences in WB.  
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LITERATURE REVIEW 

INTRODUCTION 

Consumers are becoming increasingly interested about the welfare of animals raised for 

food. Birds being produced today grow at a much faster rate than before (Havenstein et al., 2003; 

Havenstein et al., 2007). It is important to reevaluate management practices and diets in order to 

improve these welfare parameters while maintaining yield and quality. WS and WB are known 

to show in the fastest growing birds of broilers and is a new category in regard to welfare, which 

is why it should be looked into to reduce the incidence.   

Food purchasing choices have often required little product evaluation or information 

(Hawkins and Mothersbaugh, 2013), but with the rise of food label claims comes higher 

involvement in decision making. In addition to sorting from standard attributes such as brand 

name, shelf life, and price, consumers are now also considering food production practices such 

as the impact of food on health, food safety, impact on the environment, labor and human rights, 

business ethics in food production, and the treatment on animals raised for food (FMI). Studies 

have shown that consumers do have more willingness-to-pay (WTP) in regards for animals 

raised humanely for food (Ellison et al., 2017).  

WS and WB are the primary myopathies that appear in fast-growing high yield chicken 

broilers. Although WS and WB were primarily associated with broiler chickens, WS has also 

started to appear in heavy male turkeys (Soglia et al., 2015). Incidences of these myopathies have 

increased through recent years as industry changed their main form of processing from whole 

chicken broilers towards broilers that are faster growing with larger body weight for value-

added, cut-up, and increased meat yield fabrication (Table LR-1) (Petracci et al., 2015). 

However, there is decreased consumer appeal towards breast fillets with WS and WB. A 
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consumer panel found breast fillets with WS to be high in fat and less visually appealing 

(Kuttappan et al., 2012b) and a sensory panel found that fillets with WS and WB had a 

decreasing trend in sourness, aroma, and juiciness. Fillets in WS and WB also received the 

highest toughness scores (Tasoniero et al., 2016a). 

Table LR-1. Relationships between the evolution of marketing forms, selection criteria of 

chicken broilers and appearance of breast abnormalities (Petracci et al., 2015) 

Item 

Year 

1940 1960 1980 1995 2010 

Main form of 

commercializati

on 

-live bird -whole 

carcass 

-cut-up -cut-up 

-processed 

products 

-cut-up 

-processed 

products 

Main selection 

criteria 

 

-live 

performance 

 

-live 

performance 

-carcass 

yield 

 

-live 

performance 

-carcass 

yield 

-cut-up yield 

 

-live 

performance 

-carcass 

yield 

-meat yield 

-cut-up yield 

 

-live 

performance 

-carcass 

yield 

-cut-up 

yield 

-meat yield 

Meat quality 

abnormalities 

   

-deep 

pectoral 

disease 

 

-deep 

pectoral 

disease 

-PSE-like 

 

-deep 

pectoral 

disease 

-PSE-like 

-white 

striping 

-wooden 

breast 

 

The Food Safety Inspection Services (FSIS) also sent out a notice on July 5, 2017 (FSIS 

35-17), as a reminder that the inflammation accompanied by WS and WB is an adulterant that is 

unwholesome and unfit for human food thus must be removed by trimming (FSIS Directive 

6500.1) (9 CFR 381.86). The National Institute of Health defines inflammation is an immune 

response that occurs when tissues are injured by bacteria, trauma, toxins, heat or any other cause. 

Although WS is not always accompanied by inflammation, WB with inflammation also has 

hemorrhages and exudate according to FSIS. Moreover, WS and WB is primarily a quality issue, 
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the hemorrhages and exudate can cause consumers and animal rights activists group to see it as 

an animal welfare issue.  

STOCKING DENSITY 

Animal Welfare 

 For poultry to reach their genetic potential in performance, there is a need for farmers to 

use best practice management and husbandry (Case et al., 2010; Ross, 2015). Good nutrition, 

lighting, and temperatures are key factors in achieving high growth rates and meat yield, but 

management factors such as stocking density, socialization, litter quality, gate score, and foot-

pad dermatitis (FPD) must also be looked at in regard to welfare. As genetic selection for rapid 

growth and higher body weight continues, considerations associated with animal welfare are 

becoming increasingly important, as instances of this genetic selection has lead to health 

problems (Glatz and Rodda, 2013).  

Stocking Density 

 Stocking density is the amount of space per animal and has been found to affect 

production such as growth rates and feed efficiency, behavior such as injurious pecking, and 

health related aspects such as leg health (Erasmus, 2017). Though stocking density has been 

identified as on of the main factors affecting turkey welfare (Marchewka et al., 2013), specific 

stocking density recommendations vary across the board among industry guidelines and 

certification programs. However, most programs state that the birds must have enough space to 

stretch out, stand normally, and move about without difficulty (National Turkey Federation, 

2012; Humane Farm Animal Care, 2014; American Humane Certified, 2017). Stocking density 

is also reported in weight per unit of space, space available per bird, or as the number of birds 

available per area, which makes comparisons among studies difficult. Erasmus (2013) compiled 
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a table from industry standards to certified programs in weight per unit of space in Table LR-2 

to show the variation of stocking densities for meat turkeys.   

Table LR-2. General stocking density standards and guidelines for meat turkeys (Erasmus, 

2017).  

  Maximum Stocking Density 

Source Category or description lb/ft2 kg/m2 

National Turkey 

Federation 

To be used as a “measurable 

standard” 
15 73.2 

Federal Animal 

Science Societies  

Guide (“Ag Guide”) 

<0.7 lb (<0.3kg) 2.3 11.2 (0.026 m2/bird) 

0.7-4.4 lb (0.3-2.0kg) 1.2-7.3 
5.9 – 35.6 (0.058 

m2/bird) 

4.4-6.6 lb (2.0-3.0 kg) 4.9-7.3 
23.9-35.6 (0.081 

m2/bird)) 

6.6-13.2 lb (3.0-6.0 kg) 4.4-8.8 21.5-43.0 (0.14 m2/bird) 

13.2-17.6 lb (6.0-8.0 kg) 6.6-8.8 32.2-43.0 (0.19 m2/bird) 

17.6-26.4 lb (8.0-12.0kg) 5.9-8.8 28.8-43.8 (0.27 m2/bird) 

26.4-35.2 lb (12.0-16.0 kg) 6.9-9.3 33.7-45.4 (0.35 m2/bird) 

35.2-44.1 lb (16.0-20.0 kg) 8.4-10.5 41.0-51.3 (0.39 m2/bird) 

Canadian Codes of 

Practice 
Broilers (up to 13.7 lb, 6.2 kg) 9.2 45 

 Hens (13.7-23.8 lb, 6.2-10.8 kg) 9.2 45 

 
Light Toms (23.8-29.3 lb, 10.8-

13.3 kg) 
11.3 55 

 Heavy Toms (>29.3 lb, 13.3 kg) 12.3 60 

Global Animal 

Partnership 
Step 1 10 48.8 

 Step 2 7.5 36.6 

 Step 3 6.5 31.7 

 Step 4&5 6 29.3 

Certified Humane 
Maximum for broilers, hens, toms, 

and heavy toms 
7.5 36.6 

 

MUSCLE  

Structure  

The skeletal muscle comprises approximately 40% of the BW (Price and Schweigert, 

1987; Frontera and Ochala, 2015) and is the primary muscle consumed. A single skeletal muscle 

consists of a number of muscle fibers lying parallel to one another and bundled together by the 

connective tissue known as the epimysium. Muscle fibers usually extend the entire length of the 

muscle (Figure LR-1). A group of muscle fibers are arranged in bundles and surrounded by 
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another layer of connective tissue called the perimysium. Within muscle fibers bundles are 

numerous myofibrils that are separated by another connective tissue called an endomysium. The 

muscle fiber is surrounded by a cell membrane called the sarcolemma. Within myofibrils are 

myofilaments that are formed by sarcomeres that are composed of actin and myosin (Frontera 

and Ochala, 2015) 

Actin and myosin are the primary myofibrillar proteins of the skeletal muscle, with actin 

being the thin filaments and myosin being the thick filaments. Actin molecules form an actin 

helix that is surrounded by an elongated helical protein complex called tropomyosin that has 

anchors (troponin) bound to actin at multiple locations (Figure LR-2). Myosin is a thick rod-like 

structure composed of heavy chains that are connected by multiple cross-bridges to two light 

chain portions of proteins (myosin heads) (Figure LR-3). The mid-point of the actin protein is 

called the z-line and also acts as an anchor for each thin filament. Sarcomere units are separated 

by z-lines (Price and Schweigert, 1987).  
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Figure LR-1. Skeletal muscle structure (Sherwood, 2010) 
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Figure LR-2. Composition of a thin filament or actin(Sherwood, 2010).  

 

 
Figure LR-3. Composition of thick filaments or myosin molecules(Sherwood, 2010).  
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Contraction  

Also described as the sliding filament theory by (Huxley, 1969), contraction occurs when 

the thin and thick filaments “slide” past each other. The cross-bridges on the head of thick 

filaments bind to sites on the thin filament and triggers for the cross-bridges to bend, thus pulling 

the thin filament into inward contractions. After contraction, ATP is used to detach cross-bridges 

from the thin filaments, and the myosin resolves back into its non-contractile position (Huxley, 

1969; Sherwood, 2010).  

 Figure LR-4 shows the sequence of muscle contraction starts with the generation of an 

action potential that arrives at the neuromuscular junction. The neurotransmitter, acetylcholine 

(Ach) is released from the neuron, binds to receptors of the muscle cell, and opens sodium ion 

channels, leading to action potential in the sarcolemma. The action potential travels along T-

tubules and triggers the release of calcium ions (𝐶𝑎++) from storage in the sarcoplasmic 

reticulum that then attaches to troponin and causes tropomyosin to expose its binding sites of 

actin. Myosin heads use ATP and hydrolyze it into ADP and inorganic phosphate to pull the 

bound actin toward the center of the sarcomere. The contracted states between the thick and thin 

filaments are not released until new ATP is bound again to the myosin head and the myosin head 

releases from actin to its resting state (Huxley, 1969). 

DEB 

 The theory of Dietary Electrolyte Balance (DEB) is when an animal utilizes dietary ions 

to maintain acid-base homeostasis by using this formula: Na+K-Cl (Mognin, 1981). Mognin 

determined that when the DEB is equal to 250 mEq per kg of diet, it leads to optimal broiler 

performance, which has been confirmed by recent studies (Mognin, 1981; Borges et al., 2004). 
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Figure LR-4. Cross bridge cycle (Sherwood, 2010). 

 

MYOPATHIES 

 Myopathies are defined as any deviations of muscle development or function from the 

normal. White striping (WS) and wooden breast (WB) are both myopathies that occur in broiler 

breasts muscle, specifically the Pectoralis major. It has been suggested that these myopathies 

coincide with increased breast muscle yield and increased growth rate of broilers(Kuttappan et 

al., 2012a; Petracci et al., 2015). With recent flock incidences of up to 90% (Owens, 2016), it is 

estimated that these myopathies could cost over $200 million USD in loss per year (Kuttappan et 

al., 2016) and could increase due to the FSIS Directive 6500.1 to $1 billion USD(Owens, 2016). 
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Though WS and WB are currently being treated as a quality issue, the bigger concern researchers 

are starting to ask is: at what point does a meat quality issue become a welfare concern (Griffin 

et al., 2018)? 

White Striping  

White striping (WS) appears as white striations running parallel to muscle fibers 

(Kuttappan et al., 2016), usually seen on the ventral surface of breast fillets(Lorenzi et al., 2014), 

but in some cases found on the thigh as well as pectoralis minor (Russo et al., 2015).  The 

infiltration of fat and collagen are what gives WS its appearance (Kuttappan et al., 2013).  

 The prevalence of WS has been evaluated in a few studies and results varied widely in 

the United States from 52 to 76% (Russo et al., 2015). Although the pathogenesis of WS has yet 

to be determined, histologically, broilers exhibiting WS are characterized by lesions associated 

with myodegeneration and necrosis, fibrosis, lipidosis, lymphocyte and macrophage infiltrations, 

as well as myoregenerative characteristics (Kuttappan et al., 2013; Trocino et al., 2015). Previous 

studies demonstrated that WS has been associated with increased growth rate and body weights 

in broilers (Kuttappan et al., 2012a). Considering the sex of birds, male broilers exhibited a 

higher percentage of WS than female broilers (Lorenzi et al., 2014).  (Trocino et al., 2015) also 

found that feed restriction had little effect on WS severity when compared to ad libitum feeding.  

 Most researchers rely on an ordinal scale of measurement to describe the severity of WS 

such as zero, one, two, and three. As the score increases, so does the level of severity, which can 

also be described as normal (NORM), moderate (MOD), and severe (SEV) (Figure LR-5) 

(Kuttappan et al., 2013). 
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Figure LR-5. Representative samples of breast fillets with A) normal (no striping), B) moderate, 

and C) severe degrees of white striping (Kuttappan et al., 2013).  

 

Wooden Breast  

Wooden breast (WB) is a myopathy that is characterized by palpable firmness that is 

localized in the central, thickest portion of the breast muscle (Sihvo et al., 2014).  (Sihvo et al., 

2014) also reported that WS usually accompanies WB. In severe cases of WB, the breast is 

described as bulging, pale, covered with a slimy clear exudate (edema), and shows signs of 

hemorrhaging (Figure LR-6) (Sihvo et al., 2014; Dalle Zotte et al., 2017). In the United States, 

WB has been reported to affect up to 50% of broilers in a flock (Owens, 2014). Like WS, WB 

has also been correlated with high growth rate and high breast yield. Histologically, WB has 

lesions and signs of fibrosis, however WB exhibited a greater amount(Trocino et al., 2015; Dalle 

Zotte et al., 2017).  (Mutryn et al., 2015) indicated through RNA sequencing that hypoxia, 

oxidative stress, and the presence of fibre-type switching could be reasonably key features of 

WB.  
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Figure LR-6. A comparison of a normal breast (1) against a severe wooden breast (2). The 

arrow on 2 shows a prominent bulge like ridge at the caudal end of the fillet, indicating its 

severity(Sihvo et al., 2014). 

 

Quality  

Both WS and WB have poor meat quality characteristics. According to(Kuttappan et al., 

2012b), the presence of WS does not impair the safety of meat, but does impair its acceptance 

from consumers. Consumers dislike the visual appearance of raw breast fillets affected by WS 

and consider normal fillets more suitable for consumption. Breast tissue exhibiting WS and WB 

had decreased water holding capacity and an increase in pH values, while WB fillets also 

exhibited greater cooking loss and shear force values (Trocino et al., 2015; Kuttappan et al., 

2016). These characteristics show that WS and WB deviate from normal protein functionality 

described by(Huff-Lonergan and Lonergan, 2005), as water holding capacity increases in normal 

muscle tissue 24 hours post mortem.  
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MANUSCRIPT I. Higher stocking densities (m2/bird) decrease turkey performance 

without altering meat quality 

Abstract 

Consumers are concerned about the well-being of animals raised for meat production. However, 

some in the livestock industries are concerned that significant changes in production systems to 

improve animal welfare will deleteriously impact animal performance and meat quality. Poultry 

stocking density is at the center of this conundrum; increasing space per bird may reduce facility 

revenue but improve the birds’ performance and consequently the meat quality. We investigated 

how 4 different stocking densities (0.42, 0.39, 0.35, and 0.32 m2/bird) affected turkey performance 

and meat quality.  Day of hatch male poults (n=960) - from an Aviagen Lewisburrg, WV Nicholas 

Select were randomly assigned to pens with 4 replicate pens/treatment and 60 poults/pen. From 0-

5 weeks of age, all birds were reared at the same density. Density treatments began at 5 weeks. 

Birds and feeders were weighed at 0, 5 and 20 weeks of age to determine body weight (BW) and 

BW gain. At 20 weeks, 12 birds per treatment (4/pen) were harvested to determine hot carcass 

weight, carcass cut up yield (breast major, breast minor, legs, thighs, wings, breast skin, and 

carcass frame), 24 h pH, 72 h drip loss, and cook loss.  All data were analyzed utilizing the general 

linear model procedures in JMP ® (SAS, Cary, NC). Final individual body weight increased 

roughly 0.6 g with every 0.093 m2 increase in space per bird (BW: 17.215+0.568*FT (allotted area 

per bird); p<0.05).  Interestingly, increased stocking density did not adversely affect carcass yield, 

carcass cut up yield, 24h pH, drip loss or cook loss (P>0.05). In conclusion, as stocking density of 

turkeys was decreased, performance improved, and there were no deleterious effects of stocking 

density on meat quality.  
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INTRODUCTION 

Stocking density is important in the turkey industry because consumers are becoming 

more concerned about the well-being of animals raised for consumption (McKendree, et al., 

2014). Some in the livestock industries are concerned that significant changes in production 

systems to improve animal welfare may deleteriously impact animal performance and meat 

quality (Marchewka, et al., 2013). Moreover, there is little agreement as to what density is most 

appropriate with regards to animal welfare or performance (Erasmus, 2017). For instance, Noll 

(1991),  Martrenchar et al. (1999), and Beaulac (2018) reported that turkeys reached a greater 

body weight when they were provided with more space per bird. Yet others have not observed 

differences in production parameters with lower stocking densities (Hafez, et al., 2016; Moran Jr, 

1985).  

Although it is important to evaluate how stocking density affects bird body weight, it is 

also critical to understand how it may also alter the meat quality. Currently, more consumers are 

choosing poultry meat products (Daniel, et al., 2010). This trend is attributed to the perception 

that poultry meat is healthier due to the lower fat content (Marangoni, et al., 2015). Some reports 

indicate a greater total breast meat when turkeys are provided more space; however, this 

coincides with greater abdominal fat percentage and lower moisture content (Halvorson, et al., 

1991).     

Many of the studies that show an effect of stocking density on body weight were 

conducted with additional parameters including adjusting feeder and water space (Proudfoot, et. 

al., 1978; Halvorson et. al., 1990; Hafez, et. al. 2016). These can be confounding factors that do 

not truly show the effect of solely stocking density on turkey growth parameters and meat 

quality. Therefore, this study evaluated how different stocking densities affected turkey 
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performance and meat quality with keeping population density, feeder space, and water space the 

same and only changing the size of the pen. 

MATERIALS AND METHODS 

Experimental Design Male turkeys (Aviagen Nicholas Select, Lewisburg, WV), were reared for 

20 weeks with clean pine shavings as bedding. For the first 5 wks of age, the initial pen size was 

the same (8.2 x 3.5 m). Birds were in the same pen throughout the trial and were provided with 3 

tube feeders and 3 bell drinkers per pen. For the first 5 weeks, poults lost via mortality were 

replaced. At 5 wks of age, pens were randomly assigned to a density treatment with 4 replicate 

pens/treatment and 60 poults/pen.  After 5 weeks, with each mortality, the feed and feeders were 

weighed to adjust feed allocation.   

Density Treatments Density treatments began at 5 weeks by changing pen size. Pens were 

adjusted to treatment sizes by moving the end panel inward 0.6 m per treatment. Therefore, pen 

dimensions per treatment were: 0.42 m2/bird (7.25 x 3.5 m), 0.39 m2/bird (6.64 x 3.5 m), 0.35 

m2/bird (6.03 x 3.5 m), and 0.32 m2/bird (5.43 x 3.5 m) resulting in the following pen size per 

treatment: 0.42 m2/bird =83.5, 0.39 m2/bird =76.5, 0.35 m2/bird =69.5, 0.32 m2/bird =62.5 

m2/pen, respectively.  Using the standard stocking density in industry of 0.35 m2/bird, these 

treatments result in an allotment 10% smaller than current USA standard, and 10 and 20% 

greater than that current USA standard. All birds received the same feed rations and had the 

same feeder and water space.  

Performance Birds and feeders were weighed at 0, 5 and 20 weeks of age to determine body 

weight (BW), BW gain, feed intake (FI), and feed conversion ratio (FCR) adjusted for mortality.  
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Meat Quality 16 birds per treatment (4/pen) were harvested to determine hot carcass weight, 

carcass cut up yield (breast major, breast minor, legs, thighs, wings, breast skin, and carcass 

frame), 24 h pH, white striping score, 72 h drip loss, and cook loss.  

 Carcass yield was calculated by dividing hot wt. over live wt. Carcasses were cooled in 

an ice water bath for 24 h, then weighed and cut for yield 24 h after harvesting. 24 h pH was 

measured on the caudal portion of the right breast. Cook loss was measured by weighing the left 

breast and cooking the breast in an oven until it reached 71°C. The breasts were taken out and 

cooled to 4°C. After that, the breasts were reweighed to measure cook loss. 

 The right breast was then sliced into 200 g piece per breast and used for 72 h drip loss. 

The breast pieces were put into a plastic baggie, using a metal clip to hold the breast on top of 

the drippings that collected at the bottom of the bag in a 4°C refrigerator. After 72 h, the breast 

pieces were taken out, patted with a towel to remove excess purge, and re-weighed to measure 

drip loss percentage.  

WS was measured with an ordinal scale from 1 to 4 by one trained experienced 

technician. The scoring system developed for WS myopathy included a score of 1 for normal 

breast tissue, or no signs of striping. A WS of 2 indication a mild amount of striations, a WS 

score of 3 indicated a moderate amount of striping, and a WS of 4 indicated severe striations 

across the ventral portion of the boneless skinless breasts. 

Statistical Analysis Performance and processing data were analyzed using JMP (SAS) with 

differences (P<0.05) separated using LS Means.  Additionally, because four stocking density 

levels were used, a regression analyses were conducted to determine effects of intermediate 

stocking densities.   
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RESULTS 

Performance As allotted area per bird (FT) (allotted area per bird) increased (density decreased), 

BW improved at 20 weeks, BW: 17.215+0.568*FT (R2 = 0.30, P<0.05, Figure 1). Therefore, 

BW at 20 weeks increased 0.6 kg for every increase in FT, and variation in BW explains 30% of 

variation in BW. In addition, BW was roughly 3% greater when birds were given more space 

(0.42 and 0.39 m2/bird) when compared to birds given less space (0.32 and 0.35 m2/bird).  No 

differences in mortality were observed among treatments (P>0.05). 

Body weight (BW) gain was affected (P<0.05). BW gain from 5-20 wk differed in that 

the lowest stocking density (0.42 m2/bird) had 0.62kg increased weight gain over the highest 

stocking density (0.32 m2/bird) (P<0.05) (Table I-1). 

Meat Quality Stocking density did not impact meat quality parameters such as 24 h pH, cook 

loss, or drip loss. It also did not impact carcass cut-up parameters including carcass yield, breast 

major, breast minor, wing, and drumstick yield (P>0.05). The only differences observed were in 

thigh yield where turkeys allotted more space, 0.42 m2/bird, exhibited increased thigh yield over 

0.35 and 0.39 m2/bird. However, turkeys placed in the highest density, 0.32 m2/bird, had an 

intermediate yield (P<0.05) (Table I-2). White striping was observed on turkey breasts, however, 

there were no significant differences. 

Efficacy When looking at the efficiency of stocking density (m2/bird), Table I-3 shows that 

although a decreased stocking density may improve performance, it may not be considered 

economical. When comparing body weight and major breast weight (kg/ m2), it shows that as 

stocking density decreases, body weight and breast weight (kg/ m2) significantly decreases 

(P<0.001). 
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In conclusion, increased stocking density (decreased m2/bird) had a negative effect on the 

amount of meat obtained (kg/m2). However, there was a positive effect in body weight and breast 

weight with no effect of stocking density on meat quality. Further research is warranted to 

identify additional means to improve performance. 

DISCUSSION 

Figure I-2 combines and compares individual body weights (kg) on the left y-axis and 

weight (kg/ m2) on the right y-axis onto one graph with m2/bird on the x-axis. The red dashed 

lines indicate the industry average and the maximum stocking density in m2/bird in order to 

become American Humane Certified. This graph can be utilized as a guidance for companies 

who want to appeal to consumer interests yet still make a profit and help them in their decision 

making. 

Noll et al., (1991) compared rearing tom turkeys at 0.21 to 0.46 m2/bird (2.2 to 4.95 

ft2/bird). The higher density resulted in a 5.5% reduction in body weight.  During the last 4 

weeks of the study (16 to 20 weeks), feed conversion improved by 5% at the lower density 

(0.46m2/bird). Mortality was not significantly affected by rearing density. However, the final 

body weight of the birds (12.8 to 13.5 kg) is much lower than that of today’s birds at 20 weeks 

(20 to 21 kg). In addition, the lower density the authors used is 0.46 ft2/bird and not 

representative of current practices. 

Research on stocking density in broilers has resulted in variable conclusions. In some 

studies, large benefits in reducing stocking density were reported, while others resulted in 

minimal or no differences. Bilgili and Hess (1995) conducted a study examining densities of 

0.07, 0.08 or 0.09 m2/broiler that resulted in final BW of 2.61 to 2.71 kg. Body weight, feed 

conversion, mortality, carcass scratches, and breast meat yield were significantly improved when 
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birds were given more space.  In contrast, Feddes et al. (2002) demonstrated that when density 

was reduced for smaller broilers (4.3 lb) the final live body and carcass weights were decreased. 

However, bird uniformity was better at high densities. In that study, stocking density had no 

effect on mortality, breast meat yield, carcass grade, incidence of scratches, or carcass quality. 

The authors concluded that high yield per unit area and good carcass quality could be achieved at 

the increased stocking density for small broilers when adequate ventilation rates were provided. 

House environmental conditions are extremely important to maintain conditions that will 

result in good live performance and avoid the welfare and carcass quality issues observed when 

increasing stocking density.  Dawkins et al. (2004) examined the effect of stocking densities on 

bird welfare in commercial facilities from 10 different companies. Stocking densities of 6.1, 7.0, 

7.8, 8.6, 9.4 lb/ft2 (30, 34, 38, 42, and 46 kg/m2) were compared. In addition to recording 

environmental conditions in the broiler houses (temperature, relative humidity, ammonia, light 

intensity, and litter moisture), broiler welfare was monitored by mortality, corticosteroid levels, 

behavior, and health, with an emphasis on leg strength and walking ability. At higher stocking 

densities broilers grew slower and had reduced walking ability. While stocking density 

significantly affected three of the measured variables, environmental management affected 17 of 

the 19 variables measured. It was concluded that while stocking density does affect broiler 

welfare, the management of the environment in the broiler houses was more important.   

Developing science-based animal well-being husbandry guidelines is an important means 

of addressing the public perception of animal production (Estevez, 2007).  In this study we have 

observed, measured, and reported data which will help provide an understanding of how density, 

independent of bird population, influences multiple criteria of bird physiology and behavior 

during the growth phases in broilers and turkeys.  Based on the results of the turkey trial, 
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increased density does negatively affect turkey performance. However, there were no deleterious 

effects of stocking density on meat quality. Further research in turkeys is warranted to determine 

opportunities to lower the stress response and improve performance.  

 
Figure I-1. Body weights (kg) of turkeys at week 5 and 20. There were no significant differences 

at week 5. Week 20 showed differences. As stocking density (m2/bird) decreases (more space 

allotment), body weight increases. P = 0.01.  

 

 

 

 

  

1.7

1.8

1.9

0.32 0.35 0.39 0.42

B
o

d
y 

w
ei

gh
t 

(k
g)

m2/bird 

5 wk (kg)

a
a

b
b

17

17.5

18

18.5

19

19.5

20

0.32 0.35 0.39 0.42
B

o
d

y 
w

ei
gh

t 
(k

g)

m2/bird 

20 wk (kg)



 29 

Table I-1. Effect of stocking density (m2/bird) on turkey feed intake (FI, kg/bird) and feed 

conversion ratio (FCR) from 0-20 weeks of age, and body weight (BW) gain from 5-20 wk. 
ZStandard stocking density for industry. 

Density 

(m2/bird) 

0-5 

WK 

FI 

0-5 

WK 

FCR 

5-20 

WK FI 

5-20 

WK 

FCR 

5-20 wk 

BW 

Gain 

0.32 2.80 1.50 42.96 2.14 16.70b 

0.35 z 2.74 1.48 43.80 2.12 16.81b 

0.39 2.77 1.45 44.71 2.16 17.16ab 

0.42 2.74 1.50 43.09 2.11 17.32a 

      

MEAN 2.76 1.49 43.35 2.12 17.00 

SEM 0.02 0.02 0.49 0.03 0.22 

      

Source of 

variation  

-----------------------------P-value----------------------

- 

 

Density 
0.3 0.2 0.6 0.2 0.03 

1FCR unadjusted for mortality 

a,bMeans within column with no common superscripts differ significantly (P ≤ 0.05). 
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Table I-2. Effect of stocking density on turkey carcass parts yield (%). 

                

            

 

 

 

 

 

 

 

 
a,bMeans within column with no common superscripts differ significantly (P ≤ 0.05). 

 

Table I-3. Economic efficiency of stocking density of body weight and major breast weight (kg) 

per square meter.  

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

a,b,cMeans within column with no common superscripts differ significantly (P ≤ 0.05). 

 

 

 

Density 

m2/bird 

Drum-

stick 
Thigh Wing 

Breast 

Major 

Breast 

Minor 

0.32 
12.56 15.77𝑎𝑏 10.11 25.43 6.60 

0.35 z 12.69 15.50𝑏 10.04 25.19 4.11 

0.39 12.42 15.26𝑏 9.95 25.95 6.66 

0.42 12.28 16.60𝑎 10.10 25.51 6.14 

SEM <0.01 <0.01 <0.01 <0.01 <0.01 

P-values 0.64 0.03 0.84 0.30 0.26 

Density 

m2/bird 

Body wt  

(kg)/  m2 

Breast 

Major 

(kg)/  m2 

0.32 
63.08a 14.10a 

0.35 z 55.11b 11.84b 

0.39 48.76c 10.76bc 

0.42 46.28c 10.22c 

SEM 0.07 0.03 

P-values <0.001 <0.001 
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Figure I-2. A graph comparing individual body weights (kg) on the left y-axis and weight (kg/ 

m2) on the right y-axis with m2/bird on the x-axis. The red dashed line on the left indicates the 

m2/bird industry average and the red dashed line on the right indicates the maximum stocking 

density in m2/bird in order to become American Humane Certified.  
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MANUSCRIPTII: Effects of supplemental dietary glutamine and arginine on broiler live 

performance, blood chemistry, and incidence of white striping and wooden breast 

Abstract 

The broiler industry experienced an increase in muscle myopathies, namely wooden 

breast (WB) and white striping (WS). These myopathies negatively affect the most valuable cut 

of a broiler, the pectoralis major breast, whereby there is reduced protein content and increased 

fat and collagen content, resulting in reduced meat quality and consumer preference. The current 

cause of WB and WS in broilers is yet to be fully elucidated. One theory is that increased corn 

prices, availability of distiller’s dry grains with solubles, and other food industry co-products 

have led to least-cost feed changes. Thus, less soybean meal and more synthetic amino acids in 

broiler diets can result in marginal dietary levels of glutamine (Gln) and amino acids such as 

arginine (Arg). It was hypothesized that increasing intracellular Gln and Arg may relate to an 

increased rate of protein synthesis, decreased inflammatory immune responses, a reduction of 

muscle proteolysis, and consequently a reduced incidence of WB and WS. A total of 288 male 

broiler chicks were allocated to 1 of 4 diets that had 0 or 1% supplemental Gln or 0 or 0.25% 

supplemental Arg to complete a 2x2 factorial design. Chicks were housed in Alternative Design 

cages with 8 chicks/cage and 9 replicates/treatment. Individual body weights (BW) were 

recorded weekly, blood chemistry was analyzed at 28 and 41 d using iStat, and 2 birds/pen were 

scored for WB and WS after being sacrificed at 42 d of age. Shear force, drip loss, cook loss, and 

meat pH were then evaluated. Data were analyzed using PROC GLM and PROC MIXED on 

SAS ®. There were no differences among feed conversion ratio, BW, or WS. Total carbon 

dioxide, partial pressure of oxygen, and pH of the blood at 28 d were reduced by supplementing 
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Gln at 1% (P<0.05). Similarly, the base excess extracellular fluid and potassium of the blood at 

28 d were reduced by supplementing Gln at 1% (P<0.01). Broilers fed diets with Arg or Gln 

alone exhibited significantly greater WB incidence when compared to those fed the control (0% 

Gln and 0% Arg) or combined interaction levels of 1% Gln and 0.25% Arg (P<0.05). Therefore, 

based on these data, increased that Gln and Arg were not able to reduce the incidence of WB. 
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INTRODUCTION 

Modern fast-growing broiler strains with high breast yield have presented an increase in muscle 

myopathies and meat quality issues: namely white striping (WS) and wooden breast (WB) 

(Tasoniero et al., 2016a). WS is described as broiler breast fillets with varying degrees of white 

striations that can be seen parallel to the direction of muscle fibers (Kuttappan et al., 2012a).  WB 

is characterized with palpatory bulgy hardness and paleness, along with small hemorrhages, clear 

exudate, and white striping (Sihvo et al., 2014). Both WS and WB seem to occur at the most cranial 

part of the breast where maximum thickness is observed and could produce stretching or ischemia, 

resulting in tissue damage (Tasoniero et al., 2016b).  

Arginine (Arg) is an essential amino acid in poultry (Fernandes et al., 2009). When 

supplemented in the diet up to 1.5%, improved growth performance has been observed (D'Amato 

and Humphrey, 2010). Arg is also known to improve humoral and cell-mediated immune response 

(Abdukalykova and Ruiz-Feria, 2006) and act as a precursor for nitric oxide production (Liu et al., 

2014), which acts as a vasodilator (Wideman et al., 1995; Khajali et al., 2014) 

Glutamine (Gln) is the most prevalent amino acid in the blood stream (Newsholme et al., 1985) 

and the most abundant intracellular free α-animo acid found in the skeletal muscle (Gore and 

Wolfe, 2002; Dai et al., 2009). Supplemental Gln fed up to 1% has been shown to increase growth 

performance, serum IgA and IgG concentrations (Bartell and Batal, 2007), protein synthesis, and 

decrease proteolysis in muscle (Watford and Wu, 2005) in broilers.  

Higher intracellular Gln and Arg content may relate to an increase in protein synthesis and a 

decrease in the inflammatory immune response resulting in a decrease proteolysis in muscle and 

lower incidence of white stripping and woody breast, which has been shown when treating 

Duchenne muscular dystrophy in humans (Hankard, 1998; Hankard et al., 1999). However, there 



 39 

is no available information supporting this hypothesis. We hypothesize that dietary L-glutamine 

and L-arginine supplementation to starter and grower diets for broiler chickens will decrease the 

incidence of muscle myopathy (WS and WB) through decreased myofibrillar protein degradation 

and inflammatory immune response while supporting protein synthesis and increased humoral 

immunity stimulated by high intracellular L-glutamine in breast muscle. Increased availability of 

crystalline L-glutamine due to recent feed grade L-glutamine production will allow the application 

of our approach to be practical and economical in increasing breast meat production.   

MATERIALS AND METHODS 

Experimental Design A total of 288 male Ross 708 broiler chicks were housed in alternative 

design cages. Birds were randomly assigned to 8 birds/cage with 9 replications per treatment. 

Broiler chicks were allocated 1 of 4 diets that had 0 or 1% supplemental Gln or 0 or 0.25% 

supplemental Arg to complete a 2x2 factorial design. Treatments began from the starter diet and 

into the grower. Birds were replaced up to 7 days.  

Individual body weights were recorded weekly. Blood was taken from the brachial vein, and 

blood chemistry was analyzed at 28 and 41 days using i-STAT® (2 birds/pen). Two birds/pen 

were then harvested at 29 and 42 days. Breasts were scored for white striping and wooden breast 

and pH was measured at 2 minutes, 4 hours, 8 hours, and 24 hours post-mortem on the caudal 

portion of the left breast. Shear force, 72-hour drip loss, and cook loss were measured 48 hours 

post-mortem.  

Both WS and WB were measured with an ordinal scale from 1 to 4 by one trained 

experienced technician. The scoring system developed for WS myopathy included a score of 1 

for normal breast tissue, or no signs of striping. A WS of 2 indication a mild amount of 
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striations, a WS score of 3 indicated a moderate amount of striping, and a WS of 4 indicated 

severe striations across the ventral portion of the boneless skinless breasts. 

The WB scoring comprised of a hand palpation method where a score of 1 indicated normal, 

or no signs of WB. A score of 2 indicated some firming or hardening of the breast with over 50% 

of non-affected tissue being pliable. A score of 3 indicated that more than 50% of the breast was 

hard and resisted palpation with some pliability present. A WB score of 4 indicated no presence 

of pliability and over 90% of the breast was hard to the touch. This scoring system utilized hand 

palpation only with no bias given to visual appearances which as hemorrhages or color.  

The right breast was then used for 72 h drip loss. The breast pieces were put into a plastic 

baggie, using a metal clip to hold the breast on top of the drippings that collected at the bottom of 

the bag in a 4°C refrigerator. After 72 h, the breast pieces were taken out, patted with a towel to 

remove excess purge, and re-weighed to measure drip loss percentage.  

Cook loss was measured by weighing the left breast and cooking the breast in an oven until it 

reached 71°C. The breasts were taken out and cooled to 4°C. After that, the breasts were 

reweighed to measure cook loss. 

Shear force was measured with a Warner Bratzler Shear. The breasts used from measuring 

cook loss were used to analyze shear force. After breasts were cooled down, a one-inch strip was 

cut from the caudal portion of the breast to measure shear force. 

Statistical Analysis Data were analyzed using PROC GLM and PROC MIXED on SAS ®. 

P<0.05 was considered a significant difference. 

RESULTS 

Blood Chemistry Blood physiology of broilers fed 1% added dietary Gln displayed decreased 

BpH, BEecf, PO2, TCO2, sO2, K, Glu, and Hct and an increased level of Hb at 28 d when 
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compared to broilers fed 0% added Gln (Table II-1). Broilers fed added dietary Arg at 0.25% 

experienced a decrease in Hct and Hb. There were no significant differences in regard to blood 

chemistry due to Gln and Arg treatments the interaction of Gln and Arg at 41 d. 

Performance and Meat Quality At 41 d, broilers fed diets containing added dietary Arg or Gln 

exacerbated the incidence of WB compared to the control. The combined interaction levels of 

1% Gln and 0.25% Arg (P<0.05) did not reduce the woody score to control levels (Table II-2). 

There were no significant differences in body weights, feed conversion ratio, post-mortem pH, 

shear force, drip loss, cook loss, or WS.  

Based on these data, the combination of Gln and Arg did not reduce the incidence of WS and 

WB when supplemented individually or simultaneously.  

DISCUSSION  

We did however expect to see differences in improved growth performance in body weight 

and feed conversion ratio with supplemental Gln and Arg due to a similar study conducted 

previously (Livingston et al., 2018). The difference between these two studies were that the 

previous study was conducted on floor pens whereas this study was conducted in cages. Growing 

the broilers in cages may have had an affect on the growth performance in this study. Santos et. 

al (2008) conducted a study comparing broilers reared in cages versus on littered floor pens. 

Results from that study showed that birds raised on floor pens with litter had significantly greater 

body weight and gizzard weight as well as a better feed conversion ratio.  
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Table II-1. 28 d Blood chemistry 

Effect % BpH PO2 BEecf TCO2 so2 K Glu Hct Hb 

Gln 0 7.42 a 
46.36 

a 
0.97 a 26.78 a 

80.11 

a 
6.156 a 255.61  21.63  7.36  

Gln 1 7.37 b 42.22b -0.86 b 25.76b 74.86b 5.66 b 245.87 22.42  7.62  

P  0.008 0.044 0.003 0.052 0.008 <0.001 0.086 0.079 0.079 

SEM  0.10 1.425 0.420 0.355 1.370 0.094 3.920 0.306 0.104 

Arg 0 - - - - - - - 22.451 7.630 

Arg 0.25 - - - - - - - 21.611 7.347 

P  - - - - - - - 0.053 0.055 

SEM  - - - - - - - 0.356 0.103 

a,bMeans within column with no common superscripts differ significantly (P ≤ 0.05). 

 

Table II-2. Woody breast (WB) and white striping (WS) score at 41 d 

Effect Gln % Arg% WB WS 

Gln*Arg 0 0 1.56𝑎 1.67 

Gln*Arg 0 0.25 2.06𝑏 1.72 

Gln*Arg 1 0 2.11𝑏 1.67 

Gln*Arg 1 0.25 1.88𝑎𝑏 1.59 

P   0.043 0.64 

SEM   0.18 1.42 

* indicates when looking at an interaction effect 
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MANUSCRIPT III: Effects of diets containing salt vs. bicarbonate and level of physical 

activity on white striping and woody breast 

 

Abstract 

Wooden breast (WB) is a muscle myopathy with palpably hard breast tissue. Birds that present 

with WB have shown symptoms of hypoxia. Replacing NaCl with NaHCO3 resulted in reduced 

incidence of hypoxia in broiler chickens. Moreover, it is common for employees to walk through 

a broiler house to maintain broiler activity, stimulate feed consumption, and increase live 

performance. However, walking through a house can cause wing flapping, which may contribute 

increased incidence of WB. Therefore, we evaluated the effect of dietary NaCl vs NaHCO3 

subjected to activity or no activity on the severity of WB. Six hundred male Ross 708 chicks 

were allotted to 1 of 4 treatments with 15 birds/pen and 10 replications per treatment. This 

resulted in a 2x2 factorial design: NaCl vs NaHCO3 diet and active vs inactive birds. The birds 

were fed a diet containing NaCl or NaHCO3. One half of the treatments were disturbed 3x/day 

by walking through the pens, while the remainders were not disrupted. Individual body weights 

were recorded weekly starting at 14 d. At 28 and 35 d, blood was collected and analyzed (iSTAT 

handheld analyzer) from 2 birds per pen. At 29 and 36 d, these birds were harvested to analyze 

yield and score for WB and white stripping (WS). Data were analyzed using PROC GLM and 

PROC MIXED procedures of SAS ®.  Throughout the study, active birds had greater body 

weights than inactive birds (P≤ 0.05). In addition, no significant differences in regards to WB 

with diet or activity at 29 or 36 d of age were observed. At 28 d birds fed salt diets exhibited 

reduced PCV% (P≤0.01) and greater breast yield % (P≤0.05). At 35 d birds consuming NaHCO3 

exhibited increased levels of total CO2, HCO3, and base excess in the extracellular fluid (P≤0.05) 

with increased WS score, decreased dressing %, and breast yield % (P≤0.10). Active birds 

exhibited increased leg yield % at 36 d (P≤0.05) with trending increase in breast muscle weight 
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(g) (P≤0.10). Therefore, Na source and level of activity had no effect on WB, while NaHCO3 

treated birds had more WS. Furthermore, more active birds exhibited greater body weight, breast 

weight, and leg yield.  
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INTRODUCTION 

The failure of the tissues, for any reason, to receive an adequate supply of oxygen, is 

known as hypoxia(Cafaro and D.D.S., 1954). Wooden breast (WB) is a broiler muscle myopathy 

in the broiler industry that is known for its palpatory hardness and decrease in meat quality 

(Dalle Zotte et al., 2017). Research in gene expression has indicated birds that have WB show 

symptoms of hypoxia (Mutryn et al., 2015). Incidence of hypoxia was reduced by feeding 

broilers a supplemental diet of 1% NaHCO3 without affecting body weight at day 42 (Owen et 

al., 1994).  (Damron et al., 1986) and (Peng et al., 2013) found that low levels of NaHCO3 (less 

then 2%) increased body weight gain in broilers. However, excess use of NaHCO3  and the use of 

NaHCO3 under heat stress has been known to increase mortality and ascites (Mirsalimi and 

Julian, 1993; Hayat et al., 1999). 

The theory of Dietary Electrolyte Balance (DEB) is that an animal utilizes dietary ions to 

maintain acid-base homeostasis using the following equation: dEB (mEq/kg) = 1,000 Ã— 

[Na(g/kg)/23 + K(g/kg)/39 - Cl(g/kg)/35.5] (Mognin, 1981). A DEB equal to 250 mEq per kg of 

diet was found suitable for optimal broiler performance (Mognin, 1981; Borges et al., 2004). 

However, the type of salt used has an effect on performance. Ahmad (2009) found that DEB 50, 

150, and 250 using NaHCO3 increased BW gain and maintained better blood pH, PCO2 and 

HCO3. 

In a broiler house, it is common for employees to walk through the house to not only 

check on the health of the flock, but the act of walking through also encourages broilers physical 

activity to consume more feed and increase live performance. However, walking through a house 

can cause stress and wing flapping, which may contribute to increased incidence of WB. 

Therefore, we evaluated the effect of dietary NaCl vs NaHCO3 subjected to activity or less 
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activity on the severity of WB and hypothesized that the combination of NaHCO3 with less 

activity would decrease incidence of WB. 

MATERIALS AND METHODS 

Experimental Design A total of 600 male Ross 708 broiler chicks were used for this experiment. 

Birds were subjected to one of four treatments: Na with activity, NaHCO3 with activity, Na with 

inactivity, and NaHCO3 without activity. The birds were fed a diet containing NaCl (DEB =215) 

or NaHCO3 (DEB=274). Table III-1 shows the diet levels for the starter and grower. There were 

15 birds assigned to 40 pens with 10 replications per treatment and 4 pens used for replacement 

up to 7 days.  

 After 7 days, half the section of the broiler house and pens were subjected to either 

increased activity or decreased activity. The active half of the house was walked through three 

times daily. The active broilers were disturbed by technicians walking in each pen and making 

sure each bird gets up, as well as shaking feeders before moving on to the next pen. The inactive 

half of the house was walked through once a day to shake feeders and collect mortality. Unlike 

the active half, pens were not walked in unless needed to collect mortality. 

 Body weights were taken for performance weekly starting on 14d. At 28 and 35d, blood 

was taken from the brachial vein, and blood chemistry was analyzed using i-STAT® (2 

birds/pen).  The same 2 birds/pen were then harvested at 29 and 36d. After 24 h, the carcasses 

were analyzed for cut up yield (breast major, breast minor, legs, thighs, wings, breast skin, and 

carcass frame) as well as scored for WS and WB. 

Both WS and WB were measured with an ordinal scale from 1 to 4 by one trained 

experienced technician. The scoring system developed for WS myopathy included a score of 1 

for normal breast tissue, or no signs of striping. A WS of 2 indication a mild amount of 
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striations, a WS score of 3 indicated a moderate amount of striping, and a WS of 4 indicated 

severe striations across the ventral portion of the boneless skinless breasts. 

The WB scoring comprised of a hand palpation method where a score of 1 indicated 

normal, or no signs of WB. A score of 2 indicated some firming or hardening of the breast with 

over 50% of non-affected tissue being pliable. A score of 3 indicated that more than 50% of the 

breast was hard and resisted palpation with some pliability present. A WB score of 4 indicated 

no presence of pliability and over 90% of the breast was hard to the touch. This scoring system 

utilized hand palpation only with no bias given to visual appearances which as hemorrhages or 

color.  

Statistical Analysis Data were analyzed using PROC GLM and PROC MIXED on SAS ®. 

P<0.05 was considered a significant difference. 

RESULTS 

Blood Chemistry There were no differences in blood chemistry at 29 d (Table III-2). At 36 d, 

differences were seen in SO2, TCO2, HCO3, BEecf. Active birds show increased SO2 and broilers 

over less active birds and the NaHCO3 diet showed increases levels of SO2, TCO2, and HCO3 than 

the Na diet (Table III-3). There were no differences in interactions in 29 and 36 d.  

Performance and Meat Quality At 14, 21, 28, and 35 d, broilers with more physical activity 

exhibited higher BW than broilers with less activity (Table III-4). At 14 d, broilers fed a Na diet 

exhibited increased BW. However, there were no significant interactions in regards to BW. From 

1-14 d, active birds were more effective in FCR, but those observations did not carry over 

throughout the rest of the study (Table III-5). There were also no differences in meat quality 

parameters including dressing percentage, breast weight/yield, leg yield, pH, WB, and WS.  
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DISCUSSION 

Studies have shown that the use of NaHCO3 with a DEB of 250 has improved body 

weight gain as well as feed conversion ratio (Ahmad et al., 2009; Sayed and Downing, 2015). 

Contrary to other studies, in this study, diets containing NaHCO3 had less BW early on, and 

differences in BW receded after 14 d. At 36 d, diets containing NaHCO3 trended towards 

increasing WS (P<0.10). Had the birds grown out longer, we may have seen more differences in 

WS and WB scores because WS and WB appear to be more severe has broilers put on more 

weight (Griffin et al., 2018). There might have also been more differences had there been 

different levels of Na and NaHCO3 to compare against. 
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Table III-1. Formulated diet levels of Na and NaHCO3 starter and grower diets. 

Ingredients 
NaHCO3 

Starter  

Na 

Starter  

NaHCO3 

Grower  

Na 

Grower  

Corn 58.5 55.59 61.4 57.4 

SBM 34 36.8 30 31.87 

Poultry Fat 2.5 2.12 4.65 5 

Limestone 1.5 0.77 1.45 0.6947 

Mono/Di 

Calcium 

Phosphate 

1.8 2 1.55 1.77 

Salt 0.3 0.5 0.3 0.5 

Mineral Mix 0.15 0.2 0.15 0.2 

Vitamin Mix 0.15 0.05 0.15 0.05 

Se Mix 0.05 0.05 0.05 0.05 

Choline 

Chloride 
0.3 0.2 0.2 0.2 

Lysine 0.2 0.053 0.15 0.073 

Methionine 0.25 0.23 0.235 0.24 

Sodium 

Bicarbs 
0.2  0.2  

Threonine 0.2 0.1 0.1 0.09 
     

Total 100.1 98.713 100.585 98.1877 
     
     

Nutrient 

Composition 
    

CP 22.4 22.46 20.5 20.2 

Crude Fat 4.55  6.13  

Lysine 1.33 1.27 1.17 1.14 

Methionine 0.58 0.57 0.54 0.5231 

M+C 0.91 0.34 0.86 0.3163 

Tryptophan 0.28 0.284 0.25 0.2509 

Threonine 1.02 0.85 0.85 0.764 

Arginine 1.43 1.53 1.3 1.3587 

Valine 1.12 1.08 1.02 0.9703 

Calcium 0.96 0.9 0.89 0.8 

AvP 0.47 0.45 0.41 0.4 

Sodium 0.2 0.2 0.2 0.2 

Chloride 0.21 0 0.24 0 

Isoleucine   0.9726  0.8644 

TSAA  0.91  0.8394 

Potassium   0.8947  0.8192 

ME, kcal/lb 1372 6283.874 1423 6695 
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Table III-2. Effect of dietary NaCl vs NaHCO3 and level of activity at 29 d blood chemistry with body weight (BW) wooden breast 

(WB) and white striping (WS) scores, and pH. 

Diet  Activity BW WB WS pH BEecf Na K PCV Glu iCa PO2 PCO2 

   (kg)    ----------(mmol/L)---------- % ---(mg/dL)--- ------(mmHg)------ 

Bicarb   1.85 2.46 1.84 7.38 -0.53 139.33 6.04 21.84 233 1.22 46.38 41.99 

Salt   1.84 2.17 1.67 7.43 0.74 138.73 6.03 20.06 231 1.90 43.88 38.79 

               

  Active 1.85 2.21 1.79 7.39 0.04 138.76 6.08 20.71 235 1.22 46.88 42.22 

  Inactive 1.84 2.42 1.72 7.42 0.18 138.29 5.99 21.19 229 1.19 43.44 38.56 

               

 SEM  0.02 0.24 0.10 0.027 1.54 1.34 0.22 0.66 4.8 0.06 2.80 2.77 

               

 Bicarb*Active  1.86 2.30 1.80 7.38 -0.80 137.90 6.08 21.80 234 1.21 49.50 42.30 

 Bicarb*Inactive  1.84 2.63 1.88 7.39 -0.25 140.75 6.00 21.88 232 1.2 43.38 41.68 

 Salt*Active  1.83 2.11 1.78 7.40 0.88 139.63 6.08 19.63 236 1.24 44.25 42.14 

 Salt*Inactive  1.84 2.22 1.56 7.45 0.60 137.83 5.98 20.50 227 1.15 43.50 35.44 

               

 SEM  0.02 0.35 0.15 0.04 1.81 1.90 0.31 0.94 6.78 0.079 4.23 3.91 

   (Probability>F) 
 Diet  0.71 0.40 0.26 0.29 0.50 0.76 0.97 0.07 0.82 0.70 0.53 0.42 

 Activity  0.84 0.53 0.62 0.50 0.94 0.78 0.78 0.62 0.42 0.71 0.40 0.30 

 Diet*Activity  0.50 0.76 0.32 0.67 0.82 0.23 0.99 0.67 0.55 0.40 0.51 0.45 
a,bMeans within a column lacking a common superscript differ significantly (P < 0.05). 
 

 

 

 

 

 

 

 

 

 



 54 

Table III-3. Effect of dietary NaCl vs NaHCO3 and level of activity at 36 d blood chemistry with body weight (BW) wooden breast 

(WB) and white striping (WS) scores, and pH. 

Diet  Activity BW WB WS pH BEecf Na K PCV Glu iCa PO2 PCO2 

   (kg)    ----------(mmol/L)---------- % ---(mg/dL)--- ------(mmHg)------ 

Bicarb   2.65 2.70 2.15 7.43 3.15a 142.55 5.77 21.90 239 1.33 41.71 28.70a 

Salt   2.68 2.35 2.00 7.43 1.30b 143.05 5.68 21.25 238 1.32 40.16 27.10b 

               

  Active 2.68 2.45 2.05 7.42 2.15 142.35 5.64 21.45 238 1.34 42.04 27.95 

  Inactive   2.65 2.60 2.10 7.44 2.30 143.25 5.82 21.70 239 1.32 39.83 27.85 

               

 SEM  0.02 0.17 0.06 0.02 0.60 0.88 0.12 0.46 2.90 0.02 1.77 0.54 

               

 Bicarb*Active  2.69 2.50 2.10 7.42 3.40 141.40 5.56 21.80 238 1.35 43.15 29.00 

 Bicarb*Inactive  2.60 2.90 2.20 7.44 2.90 143.70 5.98 22.00 240 1.32 40.27 28.40 

 Salt*Active  2.68 2.40 2.00 7.41 0.90 143.30 5.71 21.10 238 1.32 40.92 26.90 

 Salt*Inactive  2.69 2.30 2.00 7.44 1.70 142.80 5.65 21.40 239 1.31 39.39 27.30 

               

 SEM  0.03 0.24 0.08 0.02 0.84 1.24 0.16 0.66 4.10 0.04 2.51 0.76 

   (Probability>F) 
 Diet  0.21 0.15 0.08 0.74 0.03 0.69 0.59 0.33 0.91 0.61 0.54 0.04 

 Activity  0.23 0.53 0.55 0.41 0.86 0.47 0.28 0.71 0.74 0.57 0.39 0.90 

 Diet*Activity  0.11 0.29 0.55 0.93 0.45 0.27 0.15 0.94 0.84 0.82 0.79 0.52 
a,bMeans within a column lacking a common superscript differ significantly (P < 0.05). 
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 Table III-4. Effect of dietary NaCl vs NaHCO3 and level of activity on body weight (BW) at 14, 21, 28, and 36 d.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
a,bMeans within a column lacking a common superscript differ significantly (P < 0.05). 

 

 

 

 

 

 

 

 

 

 

 

Diet  Activity 14 d 21 d 28 d 35 d 

   ---------------(g)--------------- 

Bicarb   434a   1,026 1,602 2,440 

Salt   444b 1,033 1,610 2,413 

       

  Active 453a 1,047a 1,632a 2,480a 

  Inactive 425b 1,012b 1,580b 2,373b 

       

 SEM  <0.01 <0.01 0.01 0.04 

       

 Bicarb*Active  450 1,040 1,625 2,518 

 Bicarb*Inactive  418 1,012 1,580 2,362 

 Salt*Active  55 1,054 1,640 2,441 

 Salt*Inactive  433 1,012 1,580 2,385 

       

 SEM4  <0.01 0.01 0.02 0.05 

   (Probabilty>F) 

 Diet  0.05 0.54 0.71 0.60 

 Activity  <0.01 <0.01 0.01 0.05 

 Diet*Activity  0.32 0.54 0.72 0.33 
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Table III-5. Effect of dietary NaCl vs NaHCO3 and level of activity on feed conversion ratio (FCR).  

Diet  Activity 1 – 14d 15-21 d 22-29 d 30-35 d 1-35 d 

   -------------------------(g:g)------------------------- 

Bicarb   1,259 1,406 1,574 1,719 1,607 

Salt   1,248 1,382 1,582 1,770 1,608 

        

  Active 1,223a 1,411 1,554 1,726 1,596 

  Inactive 1,284b 1,377 1,549 1,762 1,619 

        

 SEM  0.01 0.02 0.03 0.07 0.02 

        

 Bicarb*Active  1,234 1,440 1,580 1,648 1,589 

 Bicarb*Inactive  1,284 1,373 1,570 1,789 1,624 

 Salt*Active  1,212 1,382 1,528 1,805 1,603 

 Salt*Inactive  1,284 1,381 1,528 1,734 1,613 

        

 SEM  0.02 0.03 0.04 0.01 0.03 

   (Probability>F) 

 Diet  0.47 0.44 0.29 0.60 0.96 

 Activity  <0.01 0.29 0.90 0.72 0.45 

 Diet*Activity  0.47 0.30 0.90 0.28 0.66 
a,bMeans within a column lacking a common superscript differ significantly (P<0.05) 
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  SUMMARY AND CONCLUSIONS 

 In conclusion, Manuscript I showed that increased stocking density (decreased m2/bird) 

had a negative effect on bird performance; however, there was a positive effect in body weight 

and breast weight with no effect of stocking density on meat quality. Although white striping is 

primarily in broiler chickens, instances of white striping were also seen in turkey breasts. 

Manuscript II showed that supplemental glutamine and arginine had negative effects on white 

striping and wooden breast. Manuscript III showed that broilers that were more physically active 

had increased body weights, and the differences between diets of NaCl vs NaHCO3 had no 

significant effect on woody breast or white striping. Although active broilers had higher body 

weights, the differences did not show in carcass yield. 

 As consumers are becoming increasingly concerned and involved about the welfare of 

animals grown for consumption, it is important to reevaluate current practices to make sure 

industry standards align with reasonable consumer expectations and find a balance between 

customer satisfaction while also remaining profitable. Industry should also be able to 

communicate with consumers about the standard practices are in fact humane and why it is so. In 

addition, it is also important for industry and researchers to address problems that arise (such as 

white striping and wooden breast) before they are considered to be an animal welfare issue. 
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