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1  Introduction
The broiler sector keeps growing in most countries worldwide at an average 
annual rate of 3.4% from 2009 to 2019 (IndexBox, 2021). Global broiler 
production reached 137 million tons of meat in 2020 (IndexMundi, 2021)  
(Fig. 1). Broiler meat is still one of the most well-accepted and affordable 
animal protein sources in all markets. In 2019, the highest levels of poultry 
meat per capita consumption were observed in Malaysia (63 kg per person), 
the United States (58 kg per person), and Brazil (57 kg per person). But, the 
highest volumes of poultry consumption were in China (20 M tons), the United 
States (19 M tons), and Brazil (12 M tons), compiling a 40% share of global 
consumption (Berkhout, 2020). The FAO has forecasted that poultry meat will 
decelerate with a compound annual growth rate of 2.3% between 2019 and 
2030. Thus, it is projected that the poultry meat market worldwide will reach 
166 M tons by 2030 (FAO, 2003). The top three broiler producers in the world 
continue to be the United States (23 M tons), China (20 M tons), and Brazil (16 M 
tons), with a combined 45% share of global production. They were followed by 
the 27 countries of the European Union, the Russian Federation, and India. The 
top five broiler-producing countries have accounted for almost 59% of global 
broiler production in the past 5 years.

Broiler production systems have been adapting to consumer demands 
related to the size and weight of birds, the final products required, food safety 
issues, welfare concerns, environmental impact, use of antibiotics, and other 
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related problems. The necessary changes in the production systems to meet 
these market demands represent some challenges. As the broiler industry 
develops, some health issues have become significant concerns with emerging 
and re-emerging diseases (Hafez and Attia, 2020). Despite using similar genetics 
worldwide, the infrastructural and organizational biosecurity, the technological 
level of housing, and environmental control vary greatly (Gelaude et al., 2014; 
Van Limbergen et al., 2018). Consequently, disease incidence, prevalence, 
and mortality rates fluctuate among countries and regions. The resources lost 
in mortality, disease prevention, nutritional and management interventions, 
carcass defects, and condemnations are considerable. Optimizing broiler 
health is a top priority for this industry due to the high cost of the major diseases, 
impacts on welfare, condemnations, and food safety issues at the processing 
plant (Jones et al., 2019; Blake et al., 2020). Control of broiler diseases has 
been demanding for several countries. For example, a recent study (Swidan 
et al., 2020) indicated that the losses due to mortalities resulted mainly from 
avian influenza (AI), Newcastle disease (ND), Gumboro, and coccidiosis 
diseases between 2008 and 2019 constituted about 52% of the total income 
from animal production in Egypt.

Figure 1  Estimated broiler production in the top 30 country producers in thousands 
of MT during 2020. (https://www.indexmundi.com/agriculture/?commodity=broiler- 
meat&graph=production).

https://www.indexmundi.com/agriculture/?commodity=broiler-meat&graph=production)
https://www.indexmundi.com/agriculture/?commodity=broiler-meat&graph=production)
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This chapter will present the critical infectious disease challenges faced by 
the top five broiler-producing countries. The current and future strategies to 
control these diseases will be discussed. These strategies include biosecurity, 
vaccination, surveillance, diagnostics, environmental management, nutritional 
interventions, and genetic selection. In addition, the potential strategies to 
enhance and optimize resistance to infectious diseases will be discussed while 
reducing the reliance on antibiotics or only on vaccination.

2  Key infectious disease challenges faced by broilers 
around the world

The disease challenges that broilers face change according to the type of housing 
and level of environmental control, weather conditions, poultry population 
density, endemic diseases in the area, final body weight, downtime between 
flocks, reuse of litter, water quality, diet composition and feed additives, health 
management plans, and biosecurity level, among other factors (Gaucher et al., 
2015; Luyckx et al., 2015; Van Limbergen et al., 2018; Smith, 2019; Fancher 
et al., 2020; Abioja and Abiona, 2020; Van Limbergen et al., 2020; Swelum 
et al., 2021). The ranking of broiler diseases varies from country to country 
and within countries from region to region or company to company. There 
are major concerns around the world to preserve the food safety of poultry 
meat. Consequently, the prevention of diseases and contamination of meat 
and other edible poultry products caused by Salmonella and Campylobacter 
spp. are always top priorities due to the zoonotic implications (Hafez and Attia, 
2020). This topic will be covered in other chapters and consequently will not 
be covered here. However, there are good sources of information to seek 
strategies to control Salmonella (Gast and Porter, 2020), Campylobacter (Zhang 
and Sahin, 2020), and other pathogens related to food safety.

With the fantastic collaboration of veterinarian colleagues, poultry scientists, 
producers, managers, and diverse experts located in the top broiler-producing 
countries or production areas globally, this chapter summarizes their informed 
opinion about the ranking of current broiler diseases. These rankings illustrate 
how specific disease occurrences may change depending on the production 
system used. These examples also help to discuss local challenges where they 
are more relevant. The broiler disease rankings were organized according to 
what experts surveyed and considered important in 2020, but data since 2017 
are presented for the four bigger broiler producer countries. Thus, readers can 
conclude which are the critical points of control in each production system to 
minimize the incidence of diseases and optimize health. For the sake of brevity, 
only the most common diseases will be commented on for each country, but 
the complete list obtained in each country may serve as a future reference, and 
keep in mind that other health challenges must be addressed.
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2.1  United States

In the United States, the Association of Veterinarians in Broiler Production 
(AVBP) produces an annual ranking of major broiler diseases and significant 
concerns of the industry included within the Committee on Poultry and other 
Avian Species of the United States Animal Health Association (USAHA, 2021). 
The AVBP ranking of broiler diseases during the past 4 years is presented in 
Table 1. This ranking indicates that coccidiosis, necrotic enteritis (NE), chick 
quality and early mortality, infectious bronchitis virus (IBV), and gangrenous 
dermatitis have been among the five most common diseases.

Intestinal diseases related to coccidia infection, dysbacteriosis, and NE 
have been the major challenges in the past 4 years. One factor could be the 
common utilization of reused litter in broiler houses generally for more than 
a year in several flocks. However, the greater relevance of gut health issues 
could be due to the rapid increase of antibiotic-free production. Currently, 

Table 1 Broiler disease ranking in the United States from 2017 to 2020

Infectious disease category Ranking

Year 2017 2018 2019 2020

Coccidiosis 1 1 1 1
Necrotic enteritis 2 2 2 2
Chick quality and early mortality 4 3 3 3
Infectious bronchitis, IBV, respiratory 3 4 4 4
Gangrenous dermatitis 6 6 5 5
Novel reovirus 9 7 6 6
Bacterial osteomyelitis of the legs 11 8 8 7
General polyserositis – Escherichia coli 10 12 7 8
Infectious laryngotracheitis (ILT) 5 5 9 9
Infectious bursal disease 12 11 10 10
Vertebral osteomyelitis/kinky back 14 13 11 11
Infectious bronchitis, IBV, 
nephropathogenic

16 14 12 12

Histomoniasis 13 10 14 13
Avian influenza (AI) 7 9 13 14
Mycoplasma 15 15 15 15
Cholera 16 16
Newcastle disease (ND) 16 17 17
Marek’s disease 17 17

Source: Opinion of the Association of Veterinarians in Broiler Production (AVBP) included in the 
annual report of the United States Animal Health Association (USAHA), compiled and organized by 
Oviedo-Rondón (2019).
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over 60% of the broilers in the United States do not receive growth-promoting 
antibiotics, and a growing percentage will meet requirements for no antibiotics 
ever programs (Smith, 2019; Fancher et al., 2020). In 2018, less than 8% of 
broilers were raised with the full spectrum of any feed antibiotics approved by 
the FDA.

Less than 15% of the chicks received an antibiotic in the hatchery in 2018, 
down from about 90% in 2013. Consequently, chick early mortality frequently 
includes bacterial contamination. Under this production system, chick 
quality and early survival are the vital aspects of success (Smith, 2019). Chick 
quality is related to the good development of all organs and physiological 
systems, including the immune system during incubation. Therefore, hatchery 
infrastructure, maintenance, management, and low contamination are pivotal 
in broiler production. Other bacterial diseases like gangrenous dermatitis, 
bacterial osteomyelitis, general polyserositis caused by Escherichia coli, and 
vertebral osteomyelitis could be related to dysbacteriosis that facilitates these 
pathogenic commensal bacteria (Smith, 2019; Fancher et al., 2020).

The most common viral challenges are IBV (Jackwood and de Wit, 2020; 
Legnardi et al., 2020), novel reovirus, and infectious laryngotracheitis (ILT) 
(Maekawa et al., 2019). These diseases have become either endemic or seasonal 
in some regions of the leading broiler-producing states. In some areas, the high 
population density, decades of using live vaccines, ILT chicken embryo origin 
vaccines, and the consequent appearance of IBV variants contribute to this 
higher incidence.

2.2  China

The author compiled in Table 2 the opinions of poultry veterinarians and live 
production managers from China and the incidence of diseases diagnosed in 
private laboratories recorded by the three largest broiler producers. These data 
include only the production of white-feathered chickens comparable to those 
produced in other countries. However, the housing systems for these broilers 
are mainly in cages and slats. Therefore, this table also includes the percentage 
of positive flocks to each one of the diseases.

The reader can observe the changes in disease categories reported in 
China compared to the United States and other regions of the world. Housing 
systems and the use of antibiotics may influence these results. In China, three 
housing systems are used for white-feathered broilers: the net-flooring system 
(NFS), the normal cage system, and the high-standard cage system. The main 
difference between the two cage systems is whether they use automatic feces-
scraping equipment. Farmers raising white-feathered broilers prefer the NFS 
and cage systems over the standard flooring system with litter (Xin et al., 2016; 
Anderson, 2017; Chen et al., 2020). These housing conditions bring disease 
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challenges different from those observed in flooring systems with litter or 
reused material common in other countries. In addition, the low contact of 
birds with excreta reduces the incidence of coccidiosis and NE.

In contrast, Chinese veterinarians and experts reported a high incidence 
of E. coli and Staphylococcus spp. infections that also have been described in 
publications (Xu et al., 2020). These are some of the most prevalent bacteria in 
the intestines and the skin of poultry and humans. If these groups of commensal 
bacteria and Salmonella spp., especially Salmonella pullorum, cause persistent 
diseases in broilers, subclinical dysbiosis could be one of the main unforeseen 
issues (Ducatelle et al., 2018). It is important to notice that in the opinion of 
Chinese veterinarians working with broiler production in flooring systems 
and also probably some yellow-feathered chickens, coccidiosis, NE, and 
mycoplasma are the top three diseases together with viral infections like ND, 
AI, IBV, infectious bursal disease, and ILT.

Regarding dysbacteriosis, it is necessary to consider the type of feed 
ingredients, feed processing, water quality, and feed additives used. The 
use of growth-promoting antibiotics in China was elevated in the past years 
(Krishnasamy et al., 2015; Schoenmakers, 2020). In 2013, China consumed 
nearly half the world’s antibiotics, 162 000 tons, 52% administered to animals. 
These volumes raised concerns in the public and governmental institutions.

Krishnasamy et  al. (2015) commented that coccidiostats and arsenicals 
were the most common antimicrobials used in Chinese poultry production 
by weight. However, macrolides, penicillins, and tetracyclines were also 
widely used, resulting in potential antimicrobial resistance (AMR) and public 
health. In 2020, Xu et  al. reported that the misuse of antibiotics in medium- 
and small-sized farms is still high in some regions of China. These authors 
also indicated that amoxicillin, oxytetracycline, and ceftriaxone were the most 
commonly used antibiotics, while ofloxacin and norfloxacin were the second 
most common antibiotics employed. This report confirms that penicillin, 
tetracyclines, cephalosporins, fluoroquinolones, and quinolones utilized in 
human medicine were misused in poultry. As a result, China has had one of the 
highest frequencies of AMR in the world (Schoenmakers, 2020). For instance, 
colistin-resistant E. coli (CREC) infections in humans and animals have been 
widely reported in China (Wang et al., 2018).

The situation may be changing at this moment (Schoenmakers, 2020). In 
2016, the Chinese government announced the National Action Plan to Combat 
AMR from Animal Resources (2017–2020). For example, colistin use in animal 
feed was banned on April 30, 2017. Consequently, colistin sulfate premix 
production decreased from 27 170 tons in 2015 to 2497 tons in 2018. A recent 
evaluation by Wang et al. (2020) of CREC and mcr-1 bacterial gene abundance, 
the bacterial marker for this AMR, from animals and humans between 2015 and 
2019, indicated that after the ban, colistin residue in chicken farms decreased 



 Optimizing the health of broilers8

© Burleigh Dodds Science Publishing Limited, 2022. All rights reserved.

96%, and the median relative abundance of mcr-1 per 16S RNA decreased 
77%. The CREC identification went from 18.1% to 5%. However, clinical CREC 
infections in humans from 26 provinces and municipalities comprised 1.7% of 
E. coli infections in 2015–16 and only reduced to 1.3% in 2018–19. This data and 
other evidence indicate that AMR infections may persist in human and poultry 
populations for a few more years (Schoenmakers, 2020). This situation in China 
is a good example of how the problems related to antibiotic use may evolve in 
other countries that still are initiating this process.

The Ministry of Agriculture and Rural Affairs has pointed out Chinese 
medicine and probiotics as likely candidates for new product research among 
antibiotic substitutes. However, like in any other part of the world, plans for 
antibiotic substitution must also include improving chick quality, farm sanitation, 
biosecurity, enhancing drinking water and feed quality, integral programs of 
disease prevention, training about appropriate antibiotic use to farmers, and 
awareness of the risks of misusing them. Other key factors include educating 
farmers, veterinarians, and pharmacists in disease diagnostics, providing 
technological tools for faster and better diagnostics, restricting free availability, 
and enforcing the national regulations.

The IBV disease is also a key challenge for China’s broiler industry like 
it is in almost the whole world. Both respiratory and nephropathogenic IBV 
strains are observed. The AI subtype H9N2 of low pathogenicity (LPAI) and the 
highly pathogenic subtype H5 (HPAI) occurrence is more common in China 
than in other countries (Parvin et al., 2020; Bo et al., 2021). Xu et al. (2020) also 
indicated that ILT and ND had been diagnosed in approximately 42% of 88 
broiler farms surveyed in their study, which could mean a high incidence in 
some regions of China.

2.3  Brazil

The opinions of renowned Brazilian poultry veterinarians working in diverse 
integrations, vaccine companies, and diagnostic centers were compiled in 
Table 3. Currently, coccidiosis ranks again as the number one disease, and chick 
quality and early mortality are considered even more critical than nonspecific 
enteritis observed (Gazoni et al., 2020, 2021).

In surveys between 2012 and 2019, Gazoni et al. (2021) evaluated 13 648 
broilers between 9 and 49 days of age in 13 Brazilian States. This group detected 
subclinical coccidiosis evaluated by microscopy due to Eimeria maxima in 
34.8% of the flocks. In another study conducted between 2017 and 2018, 
the same group (Gazoni et al., 2020) observed E. maxima in 45% of mucosa 
scrapings in 32 broiler integrator companies. However, Eimera acervulina 
had the highest prevalence in macroscopic lesions, positively correlated with 
cellular desquamation, bedding ingestions, and feed passage. In addition, 
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these studies identified factors that correlated with a reduction in intestinal 
health and negative effects on performance.

The fourth disease is the respiratory form of IBV (Colvero et al., 2015; 
Bande et al., 2017), and E. coli infection (Gonzalez and Cerqueira, 2019) is the 
fifth disease in this ranking. Colvero et al. (2015) calculated that IBV causes total 
losses of US$3563 per 1000 broiler breeders and $266.4 per 1000 broilers. 
There are several reports of multiple occurrences of outbreaks caused by IBV 
genotypes that differ (>25% divergent) from the Massachusetts type, which is 
the only type of live IB vaccine for vaccination in Brazil (Bande et al., 2017). 
Consequently, the economic losses could be attributed to poor vaccine 

Table 3 Ranking of broiler diseases in Brazil from 2017 to 2020

Disease category (infectious disease) Ranking

Year 2017 2018 2019 2020

Coccidiosis 1 1 1 1
Chick quality and early mortality 5 5 2 2
Enteritis (unspecific) 3 2 4 3
Infectious bronchitis, IBV (respiratory) 2 3 3 4
Escherichia coli (general polyserositis) 4 4 5 5
Mycoplasma (MG and MS) 6 8 7 6
Novel reovirus 9 10 8 7
Salmonellosis (Salmonella pullorum and 
Salmonella gallinarum)

8 7 6 8

Infectious bursal disease (IBD) 7 6 9 9
Infectious coryza 14 13 13 10
Infectious bronchitis, IBV 
(nephropathogenic)

11 9 10 11

Cholera 10 11 11 12
Bacterial osteomyelitis in legs 12 12 12 13
Infectious laryngotracheitis 17 17 16 14
Necrotic enteritis 16 16 15 15
Chicken infectious anemia (CIA) 13 14 14 16
Avian encephalomyelitis 15 15 17 17
Gangrenous dermatitis 18 18 18 18
Vertebral osteomyelitis 19 19 19 19
Marek’s diseasea 20 20 20 20
Histomoniasisa 21 21 21 21
Newcastle diseaseb 22 22 22 22

Source: Brazilian poultry veterinarian specialists.
aExtremely low incidence. Avian Influenza is still considered an exotic disease in Brazil.
bLatest outbreak limited to wild or backyard birds.



 Optimizing the health of broilers10

© Burleigh Dodds Science Publishing Limited, 2022. All rights reserved.

protection (Colvero et al., 2015). This could be due to rapid mutations during 
replication of H120 and Ma5 viral strains used for vaccination in Brazil (Saraiva 
et al., 2018).

Mycoplasma infection is still the sixth most common disease (Reck et al., 
2019). AI is still exotic in Brazil, and ND has occurred only in backyard flocks 
in the past decades. In Brazil, the housing, management, feed ingredients, 
feed additives, and the whole broiler production system are similar to those 
observed in the United States. Therefore, the critical disease challenges are 
very similar.

Brazil is the largest exporter of broiler meat globally, with a market share of 
almost 40%, exporting to over 150 countries. Consequently, broiler producers 
must meet Brazilian regulations and those from their main markets in China, 
Saudi Arabia, South Korea, the European Union, South Africa, and Japan. Some 
of these regulations include exporting products free of residues and even 
metabolites of antibiotics and coccidiostats. As a result, part of the Brazilian 
broiler production is antibiotic-free or has more extended withdrawal periods.

2.4  The European Union

The author used two sources of information to formulate a view of Europe’s key 
infectious disease challenges. First, the author was given access to a disease 
prevalence data set of the Poultry Veterinary Study Group of the European 
Union (PVSGEU) and the most recent quarterly reports from the European Food 
Safety Authority related to AI (EFSA, 2021b).

The PVSGEU members are an informal group of poultry veterinarians from 
countries across the continent who meet twice each calendar year to share 
experiences on poultry disease, poultry welfare, and food safety issues in the 
poultry sector that have arisen during the previous 6 months. The PVSGEU 
has provided a summary document to the author of the trends in poultry 
disease incidence reported by the country members over the last two decades. 
However, this data set should be interpreted with caution. It is not an official 
record of the EU poultry disease incidence but reports individual veterinarians’ 
views that can be influenced by various factors related to their work area.

The author has noted the following findings from the PVSGEU data set 
(Table 4). The use of antibiotic growth promotant in poultry diets was banned 
from January 1, 2006. However, despite the antibiotic ban, coccidiosis and NE do 
not feature the top three diseases of concern. Clostridium-associated diseases 
rank third, suggesting that overt NE is less of an issue for European poultry 
producers, but other clostridium-associated conditions are not uncommon. 
Together with leg problems, chick quality and early mortality are the two most 
important disease conditions that the PVSGEU encounter. This report probably 
reflects the complex etiology of these conditions and, therefore, why they 
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Table 4 Ranking of broiler diseases based on PVSGEU data set from 2017 to 2020

Infectious disease category Ranking

Year 2017 2018 2019 2020

Chick quality and early mortality 7 2 1 1
Leg problems 2 6 5 2
Clostridium 3 3 3 3
Enterococcus 4 4 1 3
Bacterial osteomyelitis of the legs (femoral 
head necrosis)

3 5 8 4

Enterococcus caecorum 5 8 4 4
Infectious bronchitis, respiratory 8 6 14 5
Escherichia coli infections 1 1 2 5
Dysbacteriosis 10 6 8 5
Necrotic enteritis 13 7 7 6
Marek’s disease 10 14 15 6
Infectious bronchitis, IBV 
(nephropathogenic)

13 9 10 7

Coccidiosis 6 4 4 8
Infectious bursal disease 13 12 9 9
Campylobacter 8 6 6 9
Inclusion body hepatitis (IBH) 13 9 14 10
Gizzard erosion 10 10 13 11
Novel reovirus 14 13 11 12
Mycoplasma synoviae 11 11 16 12
Ruptured tendon 13 11 15 12
Avian influenza (H5N8) broilers 5 12
Eimeria necatrix 15 14 15 13
Vertebral osteomyelitis/kinky back 9 8 15 14
 Enterococcus hirae 11 10 16 14
Gangrenous dermatitis 18 17 15
Mycoplasma gallisepticum 14 15 17 15
Avian encephalomyelitis 17 15 17 16
Infectious laryngotracheitis 11 14 15 17
Chicken anemia virus (CAV) 16 13 17 17
Black bone 17 16 17 18
Newcastle disease 17 16 18

Source: Poultry Veterinarians Study Group from Europe (PVSGEU). Data were compiled and adapted 
from Oviedo-Rondón (2019).
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continue to be reported. Enterococcus infections rank high in more recent years, 
which undoubtedly reflects the significant reduction in the use of therapeutic 
antibiotics in poultry production across the EU (Jung et al., 2018).

E. coli infections regularly rank high in the list, but this is unsurprising as 
E.coli is a common bacterial finding at postmortem examination in poultry 
(Nolan et al., 2020). Dysbacteriosis ranked fifth in 2020, but this is a syndromic 
condition related to intestinal integrity and stability that can be influenced by 
multiple factors, including feed ingredient quality, which often reflects feed 
pricing.

AI was not ranked high in the 2020 PVSGEU summary (Table 4). Still, the 
data set was collated 6 months before the 2020/2021 winter HPAI incursion 
and, therefore, the spike in case numbers related to the latest incursions. 
The author has collated the information about the HPAI status from the EFSA 
Journal quarterly reports, which are available online. According to EFSA Journal 
(2017), since 2005, at least 10 major incursions of HPAI H5 viruses through wild 
migratory waterbirds have occurred in Europe, almost one every year. The HPAI 
outbreak 2016–2017 affected 109 thousand birds categorized as chickens, 
which was only 3.9% of the total birds’ population found positive for HPAI 
(EFSA Journal, 2017). The great majority of chicken cases were backyard flocks, 
breeders, and layers. Most of the outbreaks were reported in wild birds and 
domestic waterfowl (Foie Gras production).

From November 26, 2020, to May 31, 2021, 1247 cases had been reported 
in poultry, 65 detections in captive birds, and 2243 HPAI in wild birds (EFSA 
Report February–May, 2021). Until March 2020, most affected flocks had less 
than 1000 broilers, mainly backyard flocks with mixed species. But, between 
February 12 and April 30, 2021, 297 poultry farms and more than 10 million 
birds were affected only in Poland. Among 560 outbreaks in this second peak 
and short period, 98.4% were positive for HPAI subtype H5N8, six outbreaks 
were H5N1, and three outbreaks were H5N5. In these outbreaks, 35.2% of 
the poultry facilities had more than 10 000 birds, 18% had between 1000 and 
10 000 birds, and 46.8% had less than 1000 birds.

Over 22.4 million birds have been affected, which is already eight-fold 
more than in the previous biggest outbreak that occurred between 2016 and 
2017 (EFSA, 2017, 2021a). Like in the last epidemic, France has had 95.91% 
of the cases in domestic poultry, Germany has reported 83.05% of the cases 
in wild birds, but this time, Poland had 78.75% of the outbreaks in poultry. 
However, these reports also depend on the importance given in each country 
to wild bird surveillance. The risks for zoonosis are from very low to negligible, 
but monitoring is undergoing. No human infection with AI viruses has been 
identified until May 31, 2021, in the EU (EFSA, 2021b).

Biosecurity is crucial for AI control and all outdoor farming, movement 
of poultry should be minimized, and compulsory indoor confinement of 
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free-range poultry must be implemented (EFSA, 2021a,b). The main issue with 
HPAI and even LPAI in Europe is the growing tendency for free-range poultry 
and outdoor farming (EFSA, 2021a,b). Under these conditions, domestic 
waterfowl get closer to migratory birds that bring viruses common in Asia in 
their migration cycles (EFSA, 2021a,b). Other aspects of current and future AI 
diagnosis, surveillance, epidemiology, and control are discussed in detail by 
Swayne et al. (2020).

2.5  Other countries

A survey was conducted with at least 12 poultry veterinarians from Russia, India, 
Colombia, and Chile to obtain their informed opinion of the most prevalent 
diseases in these countries. The results are presented in Table 5. The complex 
respiratory disease, E. coli infections, and IBV ranked high in almost all countries. 
However, AI is exotic in Colombia, and no cases have been observed in broilers 
in Chile.

Table 5 Ranking of broiler diseases in other countries in 2020

Infectious disease category Russia India Colombia Chile

Complex respiratory disease 1 1
Escherichia coli 3 2 3 4
Infectious bronchitis (respiratory), IBV 1 5 2 5
Avian influenza 5 3 a a

Coccidiosis 7 6 4 1
Dysbacteriosis 8 7 5 2
Infectious bursal disease 4 10 7 8
Newcastle disease (ND)b 9 4 8 11
Bacterial osteomyelitis of the legs 2 10 14
Mycoplasma 14 6 6
Necrotic enteritis 10 8 14 3
Infectious bronchitis 
(nephropathogenic)

6 12 12

Novel reovirus 13 7
Chick quality and early mortality 11 11 9 10
Infectious laryngotracheitis 12 11 9
Inclusion body hepatitis 9 15
Vertebral osteomyelitis/kinky back 13 16
Gangrenous dermatitis 17 13

a Avian influenza is considered an exotic disease in Colombia, and in Chile, no cases have been 
observed in broilers.
b Latest outbreaks are limited to wild or backyard birds.
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AI is of great concern in India and Russia. India has had outbreaks of HPAI 
H5N8 since the end of 2020 in poultry and wild birds (EFSA Report February–
May, 2021). Russia has had reports of H5N8. This time, seven poultry workers 
were infected in Russia with the subtype H5N8 presenting mild or no symptoms. 
These human infections were very unusual and required further precautions 
(EFSA Journal, 2021). Additionally, the wide expansion of H9N2 in Russia may 
be causing greater economic damage to poultry production than H5 and H7 
subtypes that are generally more localized (Parvin et al., 2020). H9N2 viruses 
are also of greater concern for zoonosis due to their human receptor binding 
and risk of virus reassortant with human influenza (Peacock et al., 2019; Parvin 
et al., 2020).

Coccidiosis, non-specific dysbacteriosis, and NE are also important. 
Intestinal and respiratory health are again the main aspects to optimize broiler 
health independently of latitude, housing technologies, and environmental 
control capabilities. However, issues become worst when extreme weather 
conditions occur everywhere in the world.

3  Present and potential strategies to optimize control of 
infectious diseases

In the final section of this chapter, the current and future strategies for 
preventing and controlling the five most important broiler infectious diseases 
in the great majority of countries will be discussed. Disease prevention and 
control involve the following three interconnected processes: bioexclusion, 
surveillance, and biocontainment (Collett et al., 2020). The first step is limiting 
the challenge by biosecurity, sanitation, water and feed quality, and house 
environmental control. The second is enhancing resistance by immunization, 
immunomodulation, or genetic selection. The third is preventing the spread of 
diseases by boosting biosecurity and surveillance and practicing quarantine. 
These strategies include housing infrastructure, equipment maintenance, 
management, nutritional, immunological, and genetic selection factors that 
could be used to optimize broiler health.

Additionally, new technologies with potential benefits in prevention will 
be briefly discussed. The options to reduce dependence on antibiotics and 
reliance on only vaccination will be emphasized. Finally, this discussion will 
illustrate how other diseases could be addressed.

3.1  General strategies to optimize broiler health

3.1.1  A multifactoral approach

There is a global agreement that a multifactorial approach is required to 
prevent and control all infectious diseases (Williams, 2005; Oviedo-Rondón, 
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2019; Smith, 2019; Hafez and Attia, 2020; Jackwood and de Wit, 2020; 
Collett et al., 2020; Swelum et al., 2021). Diagnostics is key to identifying the 
exact etiology of the health issue to control. A variety of laboratory and field 
diagnostic techniques and tools are available for each broiler disease (Collett 
et al., 2020). However, the occurrence of a single disease caused only by one 
pathogen is not the most common case, and often, there are multiple factors 
and even pathogens involved (Smith, 2019; Collett et al., 2020).

Then, diagnostics, prevention, and control of infectious disease involve 
understanding the whole production system. The design of strategies to 
optimize health requires identifying and understanding the presenting illness 
and considering the big picture of other contributing diseases and influential 
aspects (Owen, 2017). In this way, we can articulate complete pathogenesis 
that indicates points of action for control and prevention. These diagnostic 
exercises require accurate and complete information that may integrate 
the disease per se and production over time (Owen, 2017). Many infectious 
diseases are subclinical and could be detected on the production records, 
meat inspection services at the processing plants, welfare audits, or monitoring 
systems (Huneau-Salaün et al., 2015).

Data analytics is becoming more vital to optimize broiler health, to 
summarize multiple environmental and performance parameters, and to detect 
trends, correlations, and causation (Collett et al., 2020). In diagnostics, the 
conventional microbiological and histological methods are being replaced by 
serology, mass spectroscopy (matrix-assisted laser desorption ionization time-
of-flight mass spectrometry), polymerase chain reaction-based techniques, and 
other DNA techniques to detect pathogens. These techniques can also identify 
changes in the microbiome that may need to be modulated to achieve good 
results in the prevention. Diagnostic procedures are becoming more portable, 
rapid, sensitive, accurate, and cost affordable (Umesha and Manukumar, 2018). 
The development and adoption of these tools have good value to optimize 
health.

In the prevention and control of infectious diseases, biosecurity is the 
first line of defense and the most economical in the long term (Gelaude et al., 
2014; Owen, 2017; Van Limbergen et al., 2018; Smith, 2019; Hafez and Attia, 
2020). Van Limbergen et al. (2020) conducted a study with 2309 flocks from 
358 broiler farms in 2016 to investigate the risk and protective factors that 
may affect health, performance, dead on arrival, and condemnation rates in 
conventional broiler farms. This study was conducted in seven EU member 
states that included Belgium, Cyprus, Finland, Greece, Poland, Spain, and the 
United Kingdom as a part of the EU-funded project PROHEALTH. The factors 
found to be significant in each case are summarized in Table 6 by their order 
of importance. It is essential to highlight the relevance of ventilation in the 
majority of the health aspects evaluated. It is also remarkable that intestinal 
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health diseases were significant for live performance and involve water and 
feed factors.

3.1.2  Broiler housing

Proper house ventilation is critical to guarantee optimal temperatures and 
maintain air and litter quality (Dunlop et al., 2016). House ventilation is the 
primary management factor affected when weather conditions become 
extreme. Either heat or cold stress, often observed under extreme weather 

Table 6 Order of importance of factors associated with mortality live performance, dead on 
arrival, and condemnation rates in 2309 conventional broiler flocks from 358 broiler farms in 
7 EU member statesa

Independent 
variables Mortality Live performance

Dead on 
arrival Condemnation rate

Litter qualityb 1
Neonatal septicemiac 2
Ventilation typed, e 3 6 4
Farmer management 
activities

4 7

Chick sexf 1
Coccidiosis 2
Necrotic enteritis 3
Dysbacteriosis 4
Light intensity 
adaptationsg

5 2

Daily growth rate 1 2
Type of drinker 
systemh

3 1

Feed withdrawal time 3
House size 5
Septicemia after 
7 days

6

Type of feedi 8 7

Source: Adapted from Van Limbergen et al. (2020).
a Only the statistically significant risk factors in the final models are presented.
b The reference used for floor quality was a floor in perfect conditions without cracks.
c This was only the case in tunnel-ventilated broiler houses.
d The reference used for the type of ventilation was roof ventilation.
e Interpreted as a trend, as it was not significant (P > 0.05).
f If only male chicks were housed, a higher EPI was present.
g The reference for light adaptation was dimming the light intensity.
h The reference used for drinking system was the nipple drinking system.
i Only the case when dysbacteriosis was absent in the flock.
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conditions, plays a vital role in several health and welfare issues (Das et al., 
2011; Part et al., 2016; Saeed et al., 2019; Kpomasse et al., 2021). As global 
climate change circumstances become more frequent, broiler housing must be 
more prepared to deal with extreme conditions. Increased temperatures may 
increase cooling energy demand and reduce heating energy demand in broiler 
houses (Izar-Tenorio et al., 2020; Abioja and Abiona, 2020). However, these 
tendencies may change depending on season and location. Increasing the size 
of the houses and adding insulation may help mitigate the energy demand 
variability (Izar-Tenorio et al., 2020). Other strategies to ameliorate heat stress 
could be related to diet manipulations, use of phytochemicals, breeding for 
thermo-tolerant strains, and thermal conditioning during embryo development 
or early life (Das et al., 2011; He et al., 2018; Abioja and Abiona, 2020; Ncho 
et al., 2021).

3.1.3  Feed and water

At least 3 of the top 10 critical diseases for broilers worldwide are related to 
gut health. Coccidiosis and clostridiosis are frequently reported as the most 
common and costly (Jones et al., 2019). Control strategies for these intestinal 
diseases share common roots. The most successful nutritional and management 
plans have been discussed in previous publications (Williams, 2005; Yegani 
and Korver, 2008; Cowieson and Kluenter, 2019; Oviedo-Rondón, 2019; Smith, 
2019). However, it is essential to emphasize the importance of monitoring water 
quality and implementing technologies to maintain it or improve it wherever is 
necessary (Barton, 1996; Watkins et al., 2005; Manning et al., 2007a,b; Abbas 
et al., 2008; Elsaidy et al., 2015; Jacobs et al., 2020). Distance monitoring with 
sensors of water pH, oxidation–reduction potential, temperature, and flow can 
help broiler growers to control water quality (Astill et al., 2020; Neethirajan, 
2020).

Water is the primary nutrient ingested by broilers and sometimes the 
most variable among farms and even daily in a farm (Manning et al., 2007a,b; 
Williams et al., 2013; McCreery, 2015). Water line height, flow rates or water 
pressure, and drinker types may impact broiler water and feed consumption 
and consequently growth (Lott et al., 2001; Ipek et al., 2002; Brown, 2013; 
Quilumba et al., 2015). Additionally, water drinker management impacts relative 
humidity, ammonia concentration, and litter quality (Dunlop et al., 2016). High 
moisture in the house environment contributes to increasing not only Eimeria 
spp. and Clostridium spp. populations but also all kinds of microorganisms, 
including viruses and insects, which can negatively affect broiler health or 
propagate vectors for transmission to other locations.

Consequently, in most cases, water management has a more significant 
impact than any feed factor in gut health. Water properties may alter 
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physicochemical conditions in the gastrointestinal tract, affect gut motility, 
digestion, and microbiota. Water alkalinity, magnesium, sulfates, nitrates, and 
nitrites have the most harmful effects (Barton, 1996; Abbas et al., 2008; Elsaidy 
et al., 2015). Water acidification with acetic acid at 3% in drinking water has been 
proven to be as or more effective under coccidia infection than amprolium to 
improve body weight gain, feed conversion, reduce lesion scores, and oocyst 
counts in broilers (Abbas et al., 2011).

Feed quality assurance is pivotal in gut health (Kiarie and Mills, 2019). 
However, quality can never be limited to optimizing nutrient utilization, reducing 
prevalent mycotoxins, reducing contamination and oxidation. Plant feed 
ingredients may contain numerous antinutritional factors, proteins, and fibers 
of difficult digestion by birds. The adverse effects of those feed components 
that alter digestibility, absorption, and even metabolism of nutrients can be 
effectively minimized by adequate pre-processing of feed ingredients during 
drying and storage, proper uniform particle size post-grinding, and proper 
temperature settings in the pelletization process (Lilly et al., 2011; Kiarie and 
Mills, 2019). In addition, feed hygienic status and efficacy of feed additives have 
significant effects on animal health and food safety. The addition of exogenous 
enzymes is another effective methodology to improve gut health. Enzymes 
improve digestion by mitigating the impact of antinutritional factors such as 
phytate, non-starch polysaccharides, proteins of difficult digestion, providing 
substrate for symbiotic bacteria, stimulating beneficial microbial fermentation, 
and modulating gut microbial communities (Keerqin et al., 2017; Cowieson 
and Kluenter, 2019).

3.1.4  Data and information for decision-makers

Data-driven technologies, modeling, smart sensors, machine vision, big 
data, and the internet of things may help to model and understand the 
epidemiological factors, predict the onset of infectious diseases, and improve 
the welfare and health of broilers (Brooks-Pollock et al., 2015; Astill et al., 2020; 
Li et al., 2020; Neethirajan, 2020). Sensoring data together with advanced data 
analytics techniques can provide early warnings for intervention to control 
diseases when they start and reduce the use of antimicrobials and anticoccidial 
drugs (Corkery et al., 2013).

Borgonovo et  al. (2020) presented the development of a data-driven 
machine learning algorithm that uses specific critical values of volatile organic 
compounds in the air that are associated with abnormal levels of oocysts count 
at the early stage of coccidiosis. Applications of early detection technologies for 
sick broilers using sensors and machine vision have been growing in the past 
10 years, and implementations are starting worldwide (Aydin, 2017; Zhuang 
et al., 2018; Okinda et al., 2019).
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Training in data analytics for the poultry industry professionals will 
become more important to optimize broiler health. It is important to notice 
that the rankings of key broiler disease challenges were done with educated 
opinions because diagnostic data were never properly recorded, stored, 
consolidated, or analyzed in any country to become information available for 
decision-makers.

One important source of information about broiler health is the information 
given to the processing plant (Manning et al., 2007b). The final bird counts 
culled broilers, and dead-on-arrival are obtained (Jacobs et al., 2017). This 
information can be associated with health risk factors and welfare indicators. 
Data from the processing plant can include reports of septicemia, skin lesions, 
cellulitis, ascites, edema, emaciation, bruising, pericarditis, pericarditis, air 
sacculitis (USAHA, 2021; Coldebella et al., 2018). The information about the 
average rate of condemnations observed in the past 5 years in the United 
States and Brazil is presented in Table 7.

Additionally, processing plants collect data on carcass and meat yields and 
paw quality. All these are markers of health status. This information could be 
linked to identifying specific pathogens and antibody titers from blood samples 
frequently obtained before processing. These data need to be used regularly, 
and alert systems were created to investigate specific cases that indicate health 

Table 7 Plant condemnations of broilers in the United States and Brazil from 2016 to 2020

Plant condemnations

2016 2017 2018 2019 2020

 --------------------- % ---------------------

The United Statesa

Wooden breast, farm + 
parts condemns

0.53 0.49 0.42 0.35 0.31

Septox condemns 0.14 0.13 0.13 0.11 0.09
Airsac condemns 0.10 0.09 0.07 0.05 0.04
IP condemns 0.02 0.02 0.01 0.01 0.01
Leukosis condemns 0.00 0.00 0.00 0.00 0.00
Brazilb

Myopathies 0.07 0.06 0.09 0.10 0.01
Septox condemns 0.00 0.00 0.00 0.00 0.03
Cellulitis 0.13 0.13 0.13 0.14 0.11
Colibacillosis 0.12 0.14 0.10 0.12 0.01
Air sacculitis 0.05 0.05 0.05 0.05 0.08

Source: a USAHA (2021).
b Dr. José Mauricio França based on data from Ministério da Agricultura e Instituto Brasileiro de 
Geografia e Estatística IBGE and Coldebella et  al. (2018). The Brazilian system does not consider 
leukosis condemns.
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risks for a future flock in a house or farm or the flocks in the area (Huneau-
Salaün et al., 2015).

3.2  Coccidiosis

Coccidiosis ranked high as one of the key disease challenges among the top 
broiler-producing countries presented herein and in other reports (Jones 
et al., 2019; Blake et al., 2020; McDougald et al., 2020). This disease has a 
substantial economic impact. Blake et  al. (2020) updated Williams’ (1999) 
compartmentalized model to estimate coccidiosis cost in chickens. These 
authors estimated a global annual cost of £10.36 billion (US$14.05 billion) at 
prices of 2016, equivalent to £0.16 or $0.22 per chicken produced. Williams 
(1999) had calculated over US$3 billion annually, but the broiler population 
has doubled, and production systems have evolved in a direction that facilitates 
the infection with this parasite or increases its harmful effects, and the currency 
values have also changed. In addition, the withdrawal of growth-promoting 
antibiotics has increased the costs related to coccidiosis (Smith, 2019).

Eimerias may cause disruptions in the gut mucosa and epithelium that 
exacerbate the dysbacteriosis, malabsorption, and enteritis observed in 
antibiotic-free broiler production (Fatoba and Adeleke, 2018; Gautier, 2019; 
Smith, 2019; Fancher et al., 2020; Gazoni et al., 2020; McDougald et al., 2020). 
In many countries, reused litter became more common in the past 20 years, and 
oocysts may persist more flock after flock (Barbour et al., 2015; Gazoni et al., 
2021). The current models used to calculate costs do not include the additional 
charges of dysbiosis that increase NE occurrence, the impacts on wet litter, 
and the consequential issues on pododermatitis, culling, condemnations, and 
downgrades (Blake et al., 2020; Williams, 1999; Gazoni et al., 2020).

Existing control methods rely on chemical and ionophore coccidiostats, 
live non-attenuated and attenuated anticoccidial vaccines, and in some 
countries, phytobiotic products are becoming popular (Williams, 2005; Barbour 
et al., 2015; Abebe and Gugsa, 2018; Fatoba and Adeleke, 2018; Soutter 
et al., 2020). Phenylarsonic acid compounds, primarily roxarsone (3-nitro-
4-hydroxyphenylarsonic acid) and p-arsanilic acid (4-aminobenzenearsonic 
acid), have been prohibited or withdrawn from the market worldwide by most 
manufacturers. However, their use in some countries is still allowed. China 
became the latest country to ban them in May 2019 (Hu et al., 2019).

Ionophores, which are natural metabolites of fungi species such as 
monensin, lasalocid, salinomycin, narasin, or maduramicin, are common 
worldwide. Some Eimeria strains have gained resistance, but appropriate 
shuttle or rotation programs still allow the successful application of these 
products for most broiler producers (Fatoba and Adeleke, 2018; Abebe 
and Gugsa, 2018; McDougald et al., 2020). However, there are regulatory 
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constraints to use ionophores. In the EU, ionophores were reclassified as 
feed additives, and they are still in use despite the ban of antibiotic growth 
promotants. In contrast, the US FDA and Canadian regulators classify 
coccidiostats as antibiotics and cannot be used in the labeled antibiotic-free 
production (Smith, 2019).

Chemical products, in contrast, do not have known antibacterial activity 
and are not used in human medicine. Consequently, they are ideal for broiler 
antibiotic-free production. Unlike ionophores, each product has a unique way 
of action. This group includes nicarbazin, zoalene, decoquinate, clopidol, 
robenidine, and diclazuril (Abebe and Gugsa, 2018; Kadykalo et al., 2018). 
They are generally safe and have a zero-day withdrawal period in America, 
except for Robenz with 6 days. But, coccidia develops resistance against 
these chemical coccidiostats. The exception to some of the last affirmations is 
nicarbazin. A higher dose than recommended can cause broiler mortality under 
elevated environmental temperatures (Da Costa et al., 2017). However, there 
are no reports of resistance against nicarbazin in broilers. Despite the issues 
previously discussed, anticoccidial use remains a valuable tool for coccidiosis 
control worldwide (Kadykalo et al., 2018; McDougald et al., 2020).

The new economic model from Blake et  al. (2020) included the cost of 
anticoccidial vaccines that have become the dominant strategy of anticoccidial 
prophylaxis in layers and breeding stock worldwide. Anticoccidial vaccines 
are not commonly applied to broilers in all countries (Barbour et al., 2015; 
McDougald et al., 2020). In the United States, more than 50% of broiler-
producing companies have adopted the application of anticoccidial vaccines. 
Live vaccines have been applied in at least one flock per year, and more than 
40% of the chickens produced in the United States have received anticoccidial 
live non-attenuated vaccines during the past decade (Blake et al., 2020). The 
bioshuttle programs with a live vaccine applied in the hatchery, followed by an 
anticoccidial drug, are popular in the United States and many Latin-American 
countries to reduce drug-resistant Eimeria populations (Dalloul and Lillehoj, 
2006; Chapman and Jeffers, 2014; Kimminau and Duong, 2019).

The production of traditional live anticoccidial vaccines is limited by 
their low reproductive index and high production costs, among other factors. 
Recombinant, subunit, or DNA-based vaccines overcome these limitations by 
eliciting undesired contaminants and preventing the reversal of toxoids back 
to their original toxigenic form (Venkatas and Adeleke, 2019; McDougald et al., 
2020). Recombinant vaccines are produced using defined Eimeria antigens 
that include specific genes that encode immunogenic protective proteins 
and harmless adjuvants. Vectors are ligated to these genes to ensure their 
penetration inside the chicken cells, resulting in efficient translation of the 
protective antigenic proteins. The search for identifying potent novel Eimeria 
antigens that stimulate both cell-mediated and humoral immune responses 
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in chickens is under development (Dalloul and Lillehoj, 2006; Barbour et al., 
2015).

Additionally, improving the efficacy of mass delivery methods of live 
vaccines and the future DNA-based vaccines is another factor to optimize 
coccidia control (Williams, 2005; Venkatas and Adeleke, 2019). Nutrient levels 
of protein and specific amino acids (Keerqin et al., 2017; Gautier, 2019) like 
glutamine, threonine, and arginine, nutrient digestibility, and feed additives like 
essential oil blends (Oviedo-Rondón et al., 2006; Muthamilselvan et al., 2016) 
and probiotics (Miranda et al., 2016) should be revised to achieve optimal 
immunological responses to vaccines and modulate microbiota to avoid 
dysbiosis issues (Bryan et al., 2020).

Genetic selection against Eimeria has been unsuccessful so far (Smith et al., 
2002). However, there is a substantial variance for weight gain or interleukin-10 
induction in chickens infected with Eimeria tenella (Boulton et al., 2018a) or E. 
maxima (Boulton et al., 2018b). Still, breeding for increased weight gain under 
challenge alone would not distinguish between resilience/resistance and 
tolerance (Boulton et al., 2018a,b). The detection of appropriate biomarkers for 
enhanced immunological responses is under development.

3.3  Necrotic enteritis

According to veterinarians’ reports and other studies, NE is the second key 
disease challenge for broilers (Jones et al., 2019; Boulianne et al., 2020). Due 
to this disease, the worldwide economic losses are now estimated to be over 
US$6 billion per year, calculating with the prices of 2015 (Wade and Keyburn, 
2015). Furthermore, its impact may be growing as antibiotic-free production 
systems become more popular (Dahiy et al., 2006; Smith, 2019; Fancher et al., 
2020). However, the main difficulty in controlling this disease has been the 
subclinical presentation before signs are observed. Consequently, treatment is 
not effective (Timbermont et al., 2011; Boulianne et al., 2020).

NE can be minimized by improving feed quality assurance programs, 
water quality, digestibility, reducing digesta viscosity with enzymes, house 
environmental control, and cocci control (M’Sadeq et al., 2015; Boulianne 
et al., 2020). New strategies include the immunization of breeders (Keyburn 
et al., 2013). Additionally, it has been proposed to conduct genetic selection to 
enhance immunity and resistance to NE. There are some candidate genes for 
this selection. The substantial genetic variations among different chicken strains 
indicate that it is possible to develop broiler lines with genetic resistance against 
NE (Zahoor et al., 2018). A better understanding of the netB gene encoding 
for the pore-forming toxin in Clostridium perfringens has been important to 
understand this disease’s pathogenesis. The gene is present in many isolates of 
C. perfringens in healthy or sick broilers (Rood et al., 2016).
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The expression of the netB gene in C. perfringens is necessary for the 
development of the disease, and it occurs when broilers are immunologically 
stressed by Eimeria infection (Timbermont et al., 2011; Yang et al., 2019; Dierick 
et al., 2021), digesta with high viscosity due to the presence of non-starch 
polysaccharides, undigested material, and ingredients that enhance mucus 
production (M’Sadeq et al., 2015). Studies have been centered on ingredients 
such as wheat, barley, meat and bone meal, and fish meal (Zanu et al., 2020). 
However, broilers fed corn–soybean diets without animal byproducts in the 
United States or Brazil also present this disease.

Diets with excessively high protein content (40% CP) containing three 
times more glycine than commercial diets have been proven to increase C. 
perfringens overgrowth (Wilkie et al., 2005). There is some influence of high-
protein levels in intestinal health, but diets with protein content higher than 
25% are seldom observed under commercial conditions in the starter phases. 
However, protein digestibility during the first 10 days of life in poultry species 
is low and can be further reduced by alkaline water (pH  >  8). Non-digested 
protein could play a similar role in increasing Clostridium populations and 
many other pathobiont microbiota of broiler’s ceca (Keerqin et al., 2017; Chen 
and Vitetta, 2020; Zanu et al., 2020). Excessive calcium levels, small particle 
size (dgw < 75 µm), and high solubility of some sources could increase digesta 
pH, chelation of Ca by phytic acid, decreasing phytase efficacy, and nutrient 
digestibility. Excessive nutrients in the hindgut may trigger an overgrowth of 
enteric pathogens, including Clostridium, changes in the microflora and mucosa 
that facilitate Eimeria infection. They could cause the onset of NE incidence 
(Zanu et al., 2020). Feed additives like tannins and essential oil blends have 
been tested extensively to control C. perfringens, coccidian, and modulate 
microflora leading to the lesser impact of NE in broilers (Muthamilselvan et al., 
2016; Diaz-Carrasco et al., 2016).

The environmental factors previously discussed are also essential to control 
NE. For example, heat stress, high relative humidity, and high stocking density 
have been proven to increase NE incidence (M’Sadeq et al., 2015; Tsiouris, 
2016; Dunlop et al., 2016; Boulianne et al., 2020). However, reducing stocking 
density from 0.23 m2 to 0.27 m2 per bird had minimal effects in reducing 
production issues in broilers raised without antibiotics (McKeith et al., 2020). 
Accordingly, litter management is also important to minimize NE (Hermans and 
Morgan, 2007).

3.4  Chick quality and early mortality

Chicken early mortality is a major concern for the broiler industry. The main 
cause is contamination with bacteria and occasionally fungi (Swelum et al., 
2021). Embryo or chick contamination not only increases total mortality, but 
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also serves as a marker of other health, performance, and food safety issues 
that the flock may present later on (Yassin et al., 2009; Yerpes et al., 2020). Chick 
quality and livability can be influenced by breeder management, nutrition, 
and health (de Jong and van Riel, 2020). The hen gut microbiome could be 
transmitted vertically to the progeny (Shterzer et al., 2020) or throughout the 
eggshell (Maki et al., 2020). Improving broiler breeder nutrition and health has 
a tremendous impact on broiler health and productivity. The feeding strategies 
and nutrient levels in breeder nutrition can influence livability, immunity, and 
progeny performance (Leandro et al., 2011a,b; Oviedo-Rondón et al., 2013; 
Chang et al., 2016). de Jong and van Riel (2020) connected records from 2174 
broiler flocks at the house level in 74 farms with 88 broiler breeder farms and 
209 breeder flocks in the Netherlands. The authors observed that breeder flock 
effects affected carcass condemnations.

Eggshell integrity is essential to avoid contamination. Eggs with hairline 
cracks usually incubated can reduce hatchability, increase contamination 
likelihood, and cause more significant mortality (Barnett et al., 2004). In 
addition, proper egg disinfection with various products (Tebrün et al., 2020) 
may fail in eggs with hairline cracks. Identifying and minimizing factors that 
cause eggshell hairline cracks may help to reduce this issue.

Grochowska et  al. (2019) conducted a field study seeking to determine 
factors that affect chick mortality. These authors concluded that breeder flock 
age, egg storage time, hatcher, and setter type affected chick mortality in the 
first 7 days of life. Incubation conditions have been related to chick quality 
and first-week mortality in several studies (Tona et al., 2004; Yassin et al., 2009; 
Oviedo-Rondón, 2019). Egg storage increases embryo mortality and has 
several deleterious effects in embryo development, reduces chick quality, the 
abundance of CD3+, CD4−, CD8− T cells in chicks, and the humoral response to 
booster Newcastle disease virus immunization of the birds (Goliomytis et al., 
2015). Incubation conditions such as elevated temperatures or suboptimal 
conditions in the last phase of incubation, especially in the hatchers, also affect 
embryonic development, immunity, and health post-hatch (Oznurlu et al., 2010; 
Simon, 2016; Wijnen et al., 2020).

Finally, chick reception and brooding conditions are critical for chick 
survival. Yerpes et  al. (2020) identified the risk factors associated with first-
week mortality in chickens using data from one hatchery in Spain. Factors were 
classified either as internal or individual-dependent and external that included 
management or environmental factors. Breeder age, chick gender, and breed 
were the internal factors significantly related to chick mortality. Among the 21 
external factors considered, the type of broiler house, the presence or absence 
of drip cup, egg storage, study year, and season were related to chick mortality. 
These authors concluded that the identified housing factors and management 
routines should reduce the first-week mortality rate. de Jong and van Riel 
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(2020) determined that broiler health variation was mainly explained by broiler 
farm and day-old chick batch.

3.5  Infectious bronchitis

IBV is one of the main challenges for broiler health worldwide (Jackwood, 2012; 
Colvero et al., 2015; Jackwood and de Wit, 2020; Legnardi et al., 2020). The 
avian coronavirus causes the IBV, and depending on the tissue tropism of each 
strain, its infection can cause acute upper respiratory tract disease or nephritis 
in broilers (Bande et al., 2017). The most classic IBV includes the Massachusetts 
serotype, which infects the respiratory tract and is observed worldwide. 
Nephropathogenic strains are observed more in Asia and Middle Eastern 
countries. But, specific IBV strains affect other tissues like the gastrointestinal 
tract (Moroccan IBV-G), proventriculus (QX in China). In addition, the QX IBV 
present in Asia, Europe, the Middle East, and Africa can affect kidneys and 
reproductive tract, causing false layers and high mortality (Bande et al., 2017).

Transmission occurs by inhalation or contact with contaminated objects. 
Morbidity is usually 100%, but mortality varies depending on host factors, 
strains, and secondary infections (Bande et al., 2017). The current control of 
this disease includes strict biosecurity and the application of attenuated live 
vaccines for broilers and live and killed vaccines for broiler breeders (Legnardi 
et al., 2020). However, the worldwide spread of many antigenic types and 
emerging new varieties of this IBV make it very difficult to obtain vaccines to 
protect and prevent transmission (Jackwood and de Wit, 2020).

There are two schools of thought for IBV vaccination that have often 
opposed each other. Some are in favor of homologous vaccination, others 
of heterologous one (Legnardi et al., 2020). This dichotomy is based on 
the principle that a homologous vaccine to the field strain is more likely to 
generate neutralizing immunity against it. In contrast, heterologous vaccination 
usually seeks a broader but less specific immunity toward different and 
potentially unknown circulating strains, in line with the ‘protectotype’ concept. 
Nevertheless, ‘hybrid’ solutions are often applied, including one heterologous 
strain Mass-based vaccine and one homologous vaccine strain. Several vaccine 
combinations have been tested so far in line with the different epidemiological 
scenarios, with particular attention to Mass-like (GI-1) and 793B-like (GI-13) 
strains, American strains such as Ark (GI-9), Conn (GI-1), DE072, and GA98 
(GIV-1), QX (GI-19), Q1 (GI-16), and Var2 (GI-23), suggesting a variable degree 
of protection depending on the challenge virus. However, based on Mass-like 
and 793B-like strains, the most common combinations usually ensure good 
protection against new variants (Legnardi et al., 2020).

Several studies have shown that live IBV, ND, ILT, and avian metapneumovirus 
vaccines might interfere with each other’s replication, humoral response, and 
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induced level of protection when administered together or in relatively short 
intervals of each other (Jackwood and de Wit, 2020). However, mixing two 
viruses in a vaccine is the standard practice in the broiler industry, and to improve 
the efficacy of IBV vaccination, this practice may need to change. Improving the 
mass vaccine application methods for broilers is another priority in the years to 
come (Colvero et al., 2015). Failures in immunization can lead to an increased 
susceptibility to secondary infections and reversion of the vaccine virus to 
virulence by mutations leading to amino acid substitutions in proteins key for 
immunogenicity like the S1 glycoprotein (Saraiva et al., 2018). At this moment, 
all commercially available vaccines cannot be applied in ovo. The development 
of new vaccines may take time. Consequently, the effective prevention method 
is based on biosecurity with sanitation of all equipment, early and proper 
vaccination, control of other diseases like mycoplasma and E. coli infections, 
and adequate management of the house environment temperatures, relative 
humidity, and good air quality (Van Limbergen et al., 2018).

3.6  Escherichia coli infection

Bacterial infections have become more common in many countries, especially 
those with E. coli in countries that adopted antibiotic-free production (Smith, 
2019; Fancher et al., 2020; Swelum et al., 2021). Omphalitis, respiratory tract 
infection, and septicemia are the most common diseases caused by E. coli 
that frequently cause mortality. Pericarditis, airsacculitis, and perihepatitis 
are observed in subacute forms that often lead to culling or condemnations 
at the processing plant. Most isolates are from O1, O2, and O75 serogroups 
(Nolan et al., 2020). There are intestinal and extraintestinal pathogenic E. coli. 
Among the intestinal isolates, there are enteropathogenic, enterotoxigenic, 
enteroinvasive, enterohemorrhagic, and enteroaggregative E. coli. Three 
extraintestinal isolates include the avian pathogenic E. coli (APEC), causing 
neonatal meningitis, and the uropathogenic E. coli (Nolan et al., 2020).

Drug resistance, in many cases, is a big issue. The average resistance rates 
in E. coli to diverse antibiotic classes are higher than 40% in all countries, except 
for ampicillin in the United States. The resistance rates to fluoroquinolones and 
quinolones in the United States, where fluoroquinolones are not registered for 
use, are below 5%. The average of resistant E. coli is above 40% in Brazil, China, 
and the EU, where fluoroquinolones are legalized. However, the banning of 
fluoroquinolones and quinolones has not eliminated the occurrence of resistant 
populations (Roth et al., 2019).

The alternative strategies to antibiotics of E. coli control include probiotics, 
prebiotics, synbiotics, and postbiotics. Plant extracts containing essential oil 
blends, phenols, alkaloids, and lectins have shown some immunomodulatory 
and antimicrobial activity. However, most of them have variable efficacy (Nolan 
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et al., 2020). Postbiotics were recently introduced in the broiler industry. These 
products are the soluble factors, products, or metabolic byproducts, secreted by 
live bacteria or released after bacterial lysis, such as enzymes, peptides, teichoic 
acids, peptidoglycan-derived muropeptides, polysaccharides, cell surface 
proteins, and organic acids. The potential beneficial effects as anti-inflammatory, 
immunomodulatory, antihypertensive, antiproliferative, hepatoprotective, and 
antioxidant agents are still under evaluation (Swelum et al., 2021).

There are three commercially available vaccines against colibacillosis in the 
market worldwide: Nobilis E. coli (MSD Animal Health, Summit, NJ), Poulvac E. 
coli (Zoetis, Florham Park, NJ), and Nisseiken Avian Colibacillosis Vaccine CBL 
(Nisseiken Co., Ltd., Tokyo, Japan). Nobilis is an inactivated subunit vaccine 
consisting of fimbrial antigen F11 and a flagellar toxin. Poulvac is a live attenuated 
E. coli EC34195 serotype O78 with deleted aroA gene as the active substance. 
The immune response is mainly cell-mediated by CD 4+TCRVβ1+ on the mucosal 
surfaces producing immunoglobulin A (IgA) and CD8 cells. The Nisseiken is a live 
mutant vaccine that contains 107–109 colony-forming units/dose of AESN1331 
O78 APEC strain, which has a deleted crp gene (Swelum et al., 2021).

Recent reports indicate that a recombinant or subunit multiantigen vaccine 
comprising a combination of common surface proteins can produce significant 
levels of IgA and IgY against specific antigens and impose immune responses 
favorable for killing the bacteria. The recombinant vaccine has reduced bacterial 
growth of multiple APEC serotypes, reduced bacterial load in organs, and 
reduced air sac lesions (Ebrahimi-Nik et al., 2018). However, mass evaluations 
need to be conducted. Vaccination against E. coli still faces several challenges, 
like inducing cross-protection against various APEC serogroups and massive 
delivery methods. Generally, studies revealed that the inactivated vaccines 
protected homologous challenges only (Swelum et al., 2021).

Other alternative control strategies include biosecurity, proper water 
sanitation, and good air quality (Nolan et al., 2020). In addition, the application of 
bacteriophages has been demonstrated to be successful against several APEC 
(Żbikowska et al., 2020). Finally, the use of toll-like receptor ligands and agonists 
has been evaluated to activate signaling cascades leading to the expression 
of various innate immune responses. These include cell wall components 
such as lipopolysaccharide, peptidoglycans, bacterial deoxyribonucleic acid, 
and double-stranded viral ribonucleic acid. However, the synthetic agonist 
products like CpG-oligodeoxynucleotides and polynosinic:polycytidylic acid 
can be easier to produce and apply (Swelum et al., 2021).

4  Conclusion
The economic impact of all broiler infectious diseases indicates a strong need 
to develop more work in this area. The optimization of broiler health comes 
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with a better understanding and monitoring of the whole production system 
in each location. The data presented in this chapter indicate that intestinal 
and respiratory diseases are the main aspects to improve worldwide. There 
are big challenges to improving immunity against coccidiosis, Clostridium 
spp., IBV, and E. coli. These four pathogens cause major infectious diseases 
for broilers. Proper incubation and broiler-house environmental management 
play an important role in preventing and controlling diseases caused by these 
and other pathogens. Improving chick quality and reducing early mortality is 
a priority to enhance broiler health. Feed and water quality are necessary to 
control all main pathogens except for IBV. Feed composition and additives 
may help modulate the microflora that influence the pathogenicity or virulence 
of the three intestinal pathogens. Broiler breeder management, nutrition, 
and immunization play a big role in controlling these and other diseases. 
Genetic selection to develop more host resistance against Eimeria and 
Clostridium species is possible, but it may take a long time to achieve. Genetic 
resistance against E. coli is very difficult since this is one of the most common 
commensal species. Enhanced immunity and genetic resistance against IBV are 
problematic due to the high genetic variability of this virus. Diagnostic methods 
should include more information from each live production phase, including 
hatchery, transportation, farms, and processing plant. Data from serology and 
PCR-DNA-based techniques are needed for better pathogen identification and 
surveillance of present diseases and emerging ones. The whole toolbox of data 
analytics should be applied more frequently to optimize broiler health.

5  Where to look for further information
Readers interested in learning more about the current status of broiler or 
other poultry infectious diseases should visit the United States Animal Health 
(USAHA) website and obtain their annual reports and other publications. There 
is one yearly report on transmissible diseases of poultry and avian species from 
the Committee on poultry and other avian species. https://www .usaha .org /
transmissible -diseases -of -poultry -avian -species.

Another thorough material to learn about all infectious diseases of broilers 
is the book Diseases of Poultry (eds D. E. Swayne, M. Boulianne, C. M. Logue, L.  
R. McDougald, V. Nair, D. L. Suarez, S. Wit, T. Grimes, D. Johnson, M. Kromm, T. Y. 
Prajitno, I. Rubinoff and G. Zavala). The extensive lists of references will provide 
further information to readers.

6  Acknowledgements
The author would like to express his gratitude to all people who collaborated 
to contribute or gather information for this Chapter in diverse countries. Some 



© Burleigh Dodds Science Publishing Limited, 2022. All rights reserved.

Optimizing the health of broilers 29

preferred to remain anonymous, but I will list a few of the participants of this 
global project who accepted to be named. My acknowledgments to The 
members of the Poultry Veterinary Study Group of the EU (PVSGEU), especially 
to Dr. Paul Cornelissen and Dr. Juan Carlos Abad from Cobb-Vantress Spain; 
Poultry Veterinarian Specialists and Production personnel of broiler companies 
in Brazil and China; Dr. José Mauricio França from UTP Brazil; Dr. Luiz Sesti from 
CEVA Brazil; Dr. Dmitry Spiridonov from DSM Russia; Dr. Tigran Papazyan from 
Alltech Russia; Dr. Dinabandhu Joardar from Cargill; Dr. Pablo Campino from 
Chile; and from Colombia: Dr. Luis Carlos Bernal, Dr. Gustavo Martinez, Dr. Juan 
Carlos Leyton, Dr. Carlos Ardila, Dr. Luis Carlos Monroy, Dr. Juan Carlos Cardenas, 
Dr. Diego Aldana, Dr. Leonardo Cotamo, Dr. Juan E. Ibarra, Dr. Marco Augusto 
Gutierrez, and Dr. Andres Rodriguez. Thanks for your comments and suggestions.

7 References
Abbas, R. Z., Munawar, S. H., Manzoor, Z., Iqbal, Z., Khan, M. N., Saleemi, M. K., Zia, M. 

A. and Yousaf, A. (2011). Anticoccidial effects of acetic acid on performance and 
pathogenic parameters in broiler chickens challenged with Eimeria tenella. Pesq. 
Vet. Bras. 31(2), 99–103. doi .org /10 .1590 /S0100 -736X2011000200 001.

Abbas, T. E. E., Elzubeir, E. A. and Arabbi, O. H. (2008). Drinking water quality and its effects 
on broiler chicks performance during winter season. Int. J. Poult. Sci. 7(5), 433–436.

Abebe, E. and Gugsa, G. (2018). A review on poultry coccidiosis. Abyss. J. Sci. Technol. 
3(1), 1–12.

Abioja, M. O. and Abiona, J. A. (2020). Impacts of climate change to poultry production 
in Africa: Adaptation options for broiler chickens. In: African Handbook of Climate 
Change Adaptation Leal Filho, W., Ogugu, N., Adelake, L., Ayal, D. and da Silva, I. 
(Eds). Cham: Springer. doi .org /10 .1007 /978 -3 -030 -42091 -8  _111 -1.

Anderson, L. (2017). Poultry and products semi-annual in China. United States Department 
of Agriculture Foreign Agricultural Service 1, 1–11.

Astill, J., Dara, R. A., Fraser, E. D. G., Roberts, B. and Sharif, S. (2020). Smart poultry 
management: Smart sensors, big data, and the internet of things. Comput. Electron. 
Agric. 170, 105291. doi .org /10 .1016 /j .compag .2020  .105291.

Aydin, A. (2017). Development of an early detection system for lameness of broilers using 
computer vision. Comput. Electron. Agric. 136, 140–146. doi .org /10 .1016 /j .compag 
.2017 .0 2 .019.

Bande, F., Arshad, S. S., Omar, A. R., Hair-Bejo, M., Mahmuda, A. and Nair, V. (2017). Global 
distributions and strain diversity of avian infectious bronchitis virus: A review. Anim. 
Health Res. Rev. 18(1), 70–83. doi .org /10 .1017 /S14662523170000 44.

Barbour, E. K., Ayyash, D. B., Iyer, A., Harakeh, S. and Kumosani, T. (2015). A review of 
approaches targeting the replacement of coccidiostat application in poultry 
production. Rev. Bras. Cienc Avic 17(4), 405–418. doi .org /10 .1590 /1516 
-635x1704405  -418.

Barnett, D. M., Kumpula, B. L., Petryk, R. L., Robinson, N. A., Renema, R. A. and Robinson, 
F. E. (2004). Hatchability and early chick growth potential of broiler breeder eggs 
with hairline cracks. J. Appl. Poult. Res. 13(1), 65–70. doi .org /10 .1093 /japr /13 . 1 .65.

http://dx.doi.org/doi.org/10.1590/S0100-736X2011000200001
http://dx.doi.org/doi.org/10.1007/978-3-030-42091-8_111-1
http://doi.org/10.1016/j.compag.2020.105291
http://dx.doi.org/doi.org/10.1016/j.compag.2017.02.019
http://dx.doi.org/doi.org/10.1016/j.compag.2017.02.019
http://dx.doi.org/doi.org/10.1017/S1466252317000044
http://dx.doi.org/doi.org/10.1590/1516-635x1704405-418
http://dx.doi.org/doi.org/10.1590/1516-635x1704405-418
http://dx.doi.org/doi.org/10.1093/japr/13.1.65


 Optimizing the health of broilers30

© Burleigh Dodds Science Publishing Limited, 2022. All rights reserved.

Barton, T. L. (1996). Relevance of water quality to broiler and turkey performance. Poult. 
Sci. 75(7), 854–856.

Berkhout, N. (2020). Popularity of poultry continues globally. Poult. World. Accessed 
July 20, 2020. Misset Uitgeverij B.V. Available at: https://www .poultryworld .net /
Meat /Articles /2020 /7 /Popularity -of -poultry -continues -globally -615517E/#:~ :text 
=In %202019 %2C %20the %20global %20poultry ,40 %25 %20share %20of %20global 
%20consumption. Accessed June 18, 2021.

Blake, D. P., Knox, J., Dehaeck, B., Huntington, B., Rathinam, T., Ravipati, V., Ayoade, S., 
Gilbert, W., Adebambo, A. O., Jatau, I. D., Raman, M., Parker, D., Rushton, J. and 
Tomley, F. M. (2020). Re-calculating the cost of coccidiosis in chickens. Vet. Res. 
51(1), 115. doi .org /10 .1186 /s13567 -020 -008 37 -2.

Bo, H., Zhang, Y., Dong, L. B., Dong, J., Li, X. Y., Li, Z., Shu, Y. L. and Wang, D. Y. (2021). 
Distribution of avian influenza viruses according to environmental surveillance 
during 2014–2018. China. Infect. Dis. Pover. 10, 60. doi .org /10 .1186 /s40249 -021 
-008 50 -3.

Borgonovo, F., Ferrante, V., Grilli, G., Pascuzzo, R., Vantini, S. and Guarino, M. A. (2020). 
A Data-driven prediction method for an early warning of coccidiosis in intensive 
livestock systems: A preliminary study. Animals (Basel) 10(4), 747. doi .org /10 .3390 
/ani100407 47.

Boulianne, M., Uzal, F. A. and Opengart, K. (2020). Clostridial diseases. In: Diseases of 
Poultry Swayne, D. E., Boulianne, M., Logue, C. M., McDougald, L. R., Nair, V., Suarez, 
D. L., Wit, S., Grimes, T., Johnson, D., Kromm, M., et  al. (Eds). doi .org /10 .1002 
/9781119371199 .c h22.

Boulton, K., Nolan, M. J., Wu, Z., Psifidi, A., Riggio, V., Harman, K., Bishop, S. C., Kaiser, P., 
Abrahamsen, M. S., Hawken, R., Watson, K. A., Tomley, F. M., Blake, D. P. and Hume, D. 
A. (2018a) Phenotypic and genetic variation in the response of chickens to Eimeria 
tenella induced coccidiosis. Genet. Sel. Evol. 50(1), 63. doi .org /10 .1186 /s12711 -018 
-04 33 -7.

Boulton, K., Nolan, M. J., Wu, Z., Riggio, V., Matika, O., Harman, K., Hocking, P. M., Bumstead, 
N., Hesketh, P., Archer, A., Bishop, S. C., Kaiser, P., Tomley, F. M., Hume, D. A., Smith, 
A. L., Blake, D. P. and Psifidi, A. (2018b). Dissecting the genomic architecture of 
resistance to Eimeria maxima parasitism in the chicken. Front. Genet. 9, 528. doi .org 
/10 .3389 /fgene .2018 .0 0528.

Brooks-Pollock, E., de Jong, M. C. M., Keeling, M. J., Klinkenberg, D. and Wood, J. L. N. 
(2015). Eight challenges in modelling infectious livestock diseases. Epidemics 10, 
1–5. doi .org /10 .1016 /j .epidem .2014 .0 8 .005.

Brown, C. C. (2013). The influence of drinker water pressure on broiler water usage and 
performance. Master’s Thesis. 51 pp.

Bryan, D. D. S. L., Abbott, D. A., Van Kessel, A. G. and Classen, H. L. (2020). The influence 
of indigestible protein on broiler digestive tract morphology and caecal protein 
fermentation metabolites. J. Anim. Physiol. Anim. Nutr. (Berl) 104(3), 847– 866. doi 
.org /10 .1111 /jpn .13 256.

Chang, A., Halley, J. and Silva, M. (2016). Can feeding the broiler breeder improve chick 
quality and offspring performance? Anim. Prod. Sci. 56(8), 1254–1262. doi .org /10 
.1071 /AN153 81.

Chapman, H. D. and Jeffers, T. K. (2014). Vaccination of chickens against coccidiosis 
ameliorates drug resistance in commercial poultry production. Int. J. Parasitol. Drugs 
Drug Resist. 4(3), 214–217. doi .org /10 .1016 /j .ijpddr .2014 .1 0 .002.

http://dx.doi.org/https://www.poultryworld.net/Meat/Articles/2020/7/Popularity-of-poultry-continues-globally-615517E/#:~:text=In%202019%2C%20the%20global%20poultry,40%25%20share%20of%20global%20consumption
http://dx.doi.org/https://www.poultryworld.net/Meat/Articles/2020/7/Popularity-of-poultry-continues-globally-615517E/#:~:text=In%202019%2C%20the%20global%20poultry,40%25%20share%20of%20global%20consumption
http://dx.doi.org/https://www.poultryworld.net/Meat/Articles/2020/7/Popularity-of-poultry-continues-globally-615517E/#:~:text=In%202019%2C%20the%20global%20poultry,40%25%20share%20of%20global%20consumption
http://dx.doi.org/https://www.poultryworld.net/Meat/Articles/2020/7/Popularity-of-poultry-continues-globally-615517E/#:~:text=In%202019%2C%20the%20global%20poultry,40%25%20share%20of%20global%20consumption
http://dx.doi.org/doi.org/10.1186/s13567-020-00837-2
http://dx.doi.org/doi.org/10.1186/s40249-021-00850-3
http://dx.doi.org/doi.org/10.1186/s40249-021-00850-3
http://dx.doi.org/doi.org/10.3390/ani10040747
http://dx.doi.org/doi.org/10.3390/ani10040747
http://dx.doi.org/doi.org/10.1002/9781119371199.ch22
http://dx.doi.org/doi.org/10.1002/9781119371199.ch22
http://dx.doi.org/doi.org/10.1186/s12711-018-0433-7
http://dx.doi.org/doi.org/10.1186/s12711-018-0433-7
http://dx.doi.org/doi.org/10.3389/fgene.2018.00528
http://dx.doi.org/doi.org/10.3389/fgene.2018.00528
http://dx.doi.org/doi.org/10.1016/j.epidem.2014.08.005
http://dx.doi.org/doi.org/10.1111/jpn.13256
http://dx.doi.org/doi.org/10.1111/jpn.13256
http://dx.doi.org/doi.org/10.1071/AN15381
http://dx.doi.org/doi.org/10.1071/AN15381
http://dx.doi.org/doi.org/10.1016/j.ijpddr.2014.10.002


© Burleigh Dodds Science Publishing Limited, 2022. All rights reserved.

Optimizing the health of broilers 31

Chen, J. and Vitetta, L. (2020). The role of butyrate in attenuating pathobiont-induced 
hyperinflammation. Immune Network 20(2), e15. doi .org /10 .4110 /in .2020 .20  .e15.

Chen, Q., Saatkamp, H. W., Cortenbach, J. and Jin, W. (2020). Comparison of Chinese 
broiler production systems in economic performance and animal welfare. Animals 
(Basel) 10(3), 491. doi .org /10 .3390 /ani100304 91.

Coldebella, A., Caron, L., Albuquerque, E. R. and Viana, A. L. (2018). Avaliação dos dados 
de abate e condenações de aves registrados no Sistema de Informações Gerenciais 
do Serviço de Inspeção Federal nos anos de 2012 a 2015. Embrapa: Concórdia 
Suínos e Aves. 44 p.; 21 cm. ISSN 01016245; 195.

Collett, S. R., Smith, J. A., Boulianne, M., Owen, R. L., Gingerich, E., Singer, R. S., Johnson, T. 
J., Hofacre, C. L., Berghaus, R. D. and Stewart‐Brown, B. (2020). Principles of disease 
prevention, diagnosis, and control. In: Diseases of Poultry Swayne, D. E., Boulianne, 
M., Logue, C. M., McDougald, L. R., Nair, V., Suarez, D. L., Wit, S., Grimes, T., Johnson, 
D., Kromm, M., et al. (Eds). doi .org /10 .1002 /9781119371199 . ch1.

Colvero, L. P., Villarreal, L. Y., Torres, C. A. and Brañdo, P. E. (2015). Assessing the economic 
burden of avian infectious bronchitis on poultry farms in Brazil. Rev. Sci. Tech. 34(3), 
993 –999. doi .org /10 .20506 /rst .34 .3  .2411.

Corkery, G., Ward, S., Kenny, C. and Hemmingway, P. (2013). Incorporating smart sensing 
technologies into the poultry industry. J. World’s Poult. Res. 3(4), 106–128.

Cowieson, A. J. and Kluenter, A. M. (2019). Contribution of exogenous enzymes to 
potentiate the removal of antibiotic growth promoters in poultry production. Anim. 
Feed Sci. Technol. 250, 81–92. doi .org /10 .1016 /j .anifeedsci .2018 .0 4 .026.

Da Costa, M. J., Bafundo, K. W., Pesti, G. M., Kimminau, E. A. and Cervantes, H. M. (2017). 
Performance and anticoccidial effects of nicarbazin-fed broilers reared at standard 
or reduced environmental temperatures. Poult. Sci. 96(6), 1615–1622. doi .org /10 
.3382 /ps /pew 475.

Dahiy, J. P., Wilkie, D. C., Van Kesse, A. G. and Drew, M. D. (2006). Potential strategies for 
controlling necrotic enteritis in broiler chickens in post-antibiotic era. Anim. Feed 
Sci. Technol. 129(1–2), 60–88.

Dalloul, R. A. and Lillehoj, H. S. (2006). Poultry coccidiosis: Recent advancements in 
control measures and vaccine development. Expert Rev. Vaccines 5(1), 143–163. doi 
.org /10 .1586 /14760584 .5 .1  .143.

Das, S., Palai, T. K., Mishra, S. R., Das, D. and Jena, B. (2011). Nutrition in relation to diseases 
and heat stress in poultry. Vet. World 4(9), 429–432. doi .org /10 .5455 /vetworld .2011 
.429  -432.

de Jong, I. C. and van Riel, J. W. (2020). Relative contribution of production chain phases 
to health and performance of broiler chickens: A field study. Poult. Sci. 99(1), 179–
188. doi .org /10 .3382 /ps /pez 562.

Diaz-Carrasco, J. M., Redondo, L. M., Redondo, E. A., Dominguez, J. E., Chacana, A. P. and 
Fernandez Miyakawa, M. E. (2016). Use of plant extracts as an effective manner to 
control Clostridium perfringens induced necrotic enteritis in poultry. BioMed Res. 
Int. 2016, 3278359. doi .org /10 .1155 /2016 /3278 359.

Dierick, E., Ducatelle, R., Immerseel, F. V. and Goossens, E. (2021). Research note: 
The administration schedule of coccidia is a major determinant in broiler 
necrotic enteritis models. Poult. Sci. 100(3), 100806. doi .org /10 .1016 /j .psj .2020  
.1 0 .060.

Ducatelle, R., Goossens, E., De Meyer, F., Eeckhaut, V., Antonissen, G., Haesebrouck, F. 
and Van Immerseel, F. (2018). Biomarkers for monitoring intestinal health in poultry: 

http://dx.doi.org/doi.org/10.4110/in.2020.20.e15
http://dx.doi.org/doi.org/10.3390/ani10030491
http://dx.doi.org/doi.org/10.1002/9781119371199.ch1
http://dx.doi.org/doi.org/10.20506/rst.34.3.2411
http://dx.doi.org/doi.org/10.1016/j.anifeedsci.2018.04.026
http://dx.doi.org/doi.org/10.3382/ps/pew475
http://dx.doi.org/doi.org/10.3382/ps/pew475
http://dx.doi.org/doi.org/10.1586/14760584.5.1.143
http://dx.doi.org/doi.org/10.1586/14760584.5.1.143
http://dx.doi.org/doi.org/10.5455/vetworld.2011.429-432
http://dx.doi.org/doi.org/10.5455/vetworld.2011.429-432
http://dx.doi.org/doi.org/10.3382/ps/pez562
http://dx.doi.org/doi.org/10.1155/2016/3278359
http://dx.doi.org/doi.org/10.1016/j.psj.2020
.10.060
http://dx.doi.org/doi.org/10.1016/j.psj.2020
.10.060


 Optimizing the health of broilers32

© Burleigh Dodds Science Publishing Limited, 2022. All rights reserved.

Present status and future perspectives. Vet. Res. 49(1), 43. doi .org /10 .1186 /s13567 
-018 -05 38 -6.

Dunlop, M. W., Moss, A. F., Groves, P. J., Wilkinson, S. J., Stuetz, R. M. and Selle, P. H. (2016). 
The multidimensional causal factors of ‘wet litter’ in chicken-meat production. Sci. 
Total Environ. 562, 766–776. doi .org /10 .1016 /j .scitotenv .2016 .0 3 .147.

Ebrahimi-Nik, H., Bassami, M. R., Mohri, M., Rad, M. and Khan, M. I. (2018). Bacterial ghost 
of avian pathogenic E. coli (APEC) serotype O78:K80 as a homologous vaccine 
against avian colibacillosis. PLoS ONE 13(3), e0194888.

EFSA (2017). Avian influenza overview October 2016–August 2017. EFSA J. 15(10), 5018. 
doi .org /10 .2903 /j .efsa .2017  .5018.

EFSA (2021a). Avian influenza overview December 2020 – February 2021. EFSA J. 19(3), 
6497. doi .org /10 .2903 /j .efsa .2021  .6497.

EFSA (2021b). Avian influenza overview February – May 2021. EFSA J.
Elsaidy, N., Mohamed, R. A. and Abouelenien, F. (2015). Assessment of variable drinking 

water sources used in Egypt on broiler health and welfare. Vet. World 8(7), 855–864. 
doi .org /10 .14202 /vetworld .2015 .855  -864.

Fancher, C. A., Zhang, L., Kiess, A. S., Adhikari, P. A., Dinh, T. T. N. and Sukumaran, A. T. 
(2020). Avian pathogenic Escherichia coli and Clostridium perfringens: Challenges 
in no antibiotics ever broiler production and potential solutions. Microorganisms 
8(10), 1533. doi .org /10 .3390 /mic roor gani sms8  101533.

FAO (2003). World Agriculture: Towards 2015/2030 An FAO Perspective. Edited 
J. Bruinsma. London: EarthScan publications Ltd. 444 p. Available at: http://www .fao 
.org /3 /y4252e /y4252e07 .htm. Accessed June 18, 2021.

Fatoba, A. J. and Adeleke, M. A. (2018). Diagnosis and control of chicken coccidiosis: A 
recent update. J. Parasit. Dis. 42(4), 483–493.

Gast, R. K. and Porter, R. E., Jr. (2020). Salmonella infections. In: Diseases of Poultry Swayne, D. 
E., Boulianne, M., Logue, C. M., McDougald, L. R., Nair, V., Suarez, D. L., Wit, S., Grimes, 
T., Johnson, D., Kromm, M., et al. (Eds). doi .org /10 .1002 /9781119371199 .c h16.

Gaucher, M. L., Quessy, S., Letellier, A., Arsenault, J. and Boulianne, M. (2015). Impact of a 
drug-free program on broiler chicken growth performances, gut health, Clostridium 
perfringens, and Campylobacter jejuni occurrences at the farm level. Poult. Sci. 
94(8), 1791–1801.

Gautier, A. E. (2019). Coccidiosis vaccination and nutrient utilization in broiler chickens. 
Ph.D. Dissertation. Available at: https://scholarworks .uark .edu /etd /3469. Accessed 
June 18, 2021.

Gazoni, F. L., Adorno, F. C., Matte, F., Alves, A. J., Campagnoni, I. D. P., Urbano, T., Zampar, 
A., Boiago, M. M. and da Silva, A. S. (2020).Correlation between intestinal health 
and coccidiosis prevalence in broilers in Brazilian agroindustries. Parasitol. Int. 76, 
102027. doi .org /10 .1016 /j .parint .2019 .1 02027.

Gazoni, F., Matte, F., Chiarelli-Adorno, F., Mariely-Jaguezeski, A., Tellez-Isaias, G. and 
Schafer-da-Silva, A. (2021). Coccidiosis in commercial broilers in Brazil between 
2012 and 2019: Main species and degrees of injury. Abanico Vet. 11, e101. 
Available at: http://www .scielo .org .mx /scielo .php ?script =sci _arttext &pid =S2448 
-61322021000100101 &lng =es. doi .org /10 .21929 /abavet2021  .2.

Gelaude, P., Schlepers, M.,Verlinden, M., Laanen, M. and Dewulf, J. (2014). Biocheck. 
UGent: A quantitative tool to measure biosecurity at broiler farms and the 
relationship with technical performances and antimicrobial use. Poult. Sci. 93(11), 
2740–2751. doi .org /10 .3382 /ps .2014 -0 4002.

http://dx.doi.org/doi.org/10.1186/s13567-018-0538-6
http://dx.doi.org/doi.org/10.1186/s13567-018-0538-6
http://dx.doi.org/doi.org/10.1016/j.scitotenv.2016.03.147
http://dx.doi.org/doi.org/10.2903/j.efsa.2017.5018
http://dx.doi.org/doi.org/10.2903/j.efsa.2021.6497
http://dx.doi.org/doi.org/10.14202/vetworld.2015.855-864
http://dx.doi.org/doi.org/10.3390/microorganisms8101533
http://dx.doi.org/http://www.fao.org/3/y4252e/y4252e07.htm
http://dx.doi.org/http://www.fao.org/3/y4252e/y4252e07.htm
http://dx.doi.org/doi.org/10.1002/9781119371199.ch16
http://dx.doi.org/https://scholarworks.uark.edu/etd/3469
http://dx.doi.org/doi.org/10.1016/j.parint.2019.102027
http://dx.doi.org/http://www.scielo.org.mx/scielo.php?script=sci_arttext&pid=S2448-61322021000100101&lng=es
http://dx.doi.org/http://www.scielo.org.mx/scielo.php?script=sci_arttext&pid=S2448-61322021000100101&lng=es
http://dx.doi.org/doi.org/10.21929/abavet2021.2
http://dx.doi.org/doi.org/10.3382/ps.2014-04002


© Burleigh Dodds Science Publishing Limited, 2022. All rights reserved.

Optimizing the health of broilers 33

Goliomytis, M., Tsipouzian, T. and Hager-Theodorides, A. L. (2015). Effects of egg storage 
on hatchability, chick quality, performance and immunocompetence parameters of 
broiler chickens. Poult. Sci. 94(9), 2257–2265. doi .org /10 .3382 /ps /pev 200.

Gonzalez, G. M. A. and Cerqueira, M. F. A. (2019). Shiga toxin-producing Escherichia coli 
in the animal reservoir and food in Brazil. J. Appl. Microbiol. 128, 1568–1582. doi .org 
/10 .1111 /jam .14 500.

Grochowska, E., Kinal, A., Sobek, Z., Siatkowski, I. and Bednarczyk, M. (2019). Field study 
on the factors affecting egg weight loss, early embryonic mortality, hatchability, and 
chick mortality with the use of classification tree technique. Poult. Sci. 98(9), 3626–
3636. doi .org /10 .3382 /ps /pez 180.

Hafez, H. M. and Attia, Y. A. (2020). Challenges to the poultry industry: Current perspectives 
and strategic future after the COVID-19 outbreak. Front. Vet. Sci. 7, 516. doi .org /10 
.3389 /fvets .2020 .0 0516.

He, S. P., Arowolo, M. A., Medrano, R. F., Li, S., Yu, Q. F., Chen, J. Y. and He, J. H. (2018). 
Impact of heat stress and nutritional interventions on poultry production. Worlds 
Poult. Sci. J. 74(4), 647–664. doi .org /10 .1017 /S00439339180007 27.

Hermans, P. G. and Morgan, K. L. (2007). Prevalence and associated risk factors of necrotic 
enteritis on broiler farms in the United Kingdom; a cross-sectional survey. Avian 
Pathol. 36(1), 43–51. doi .org /10 .1080 /030794506011099 91.

Hu, Y., Cheng, H., Tao, S. and Schnoor, J. L. (2019). China’s ban on phenylarsonic feed 
additives, a major step toward reducing the human and ecosystem health risk from 
arsenic. Environ. Sci. Technol. 53(21), 12177–12187. doi .org /10 .1021 /acs .est .9b0 
4296.

Huneau-Salaün, A., Stärk, K. D., Mateus, A., Lupo, C., Lindberg, A. and Le Bouquin-
Leneveu, S. (2015). Contribution of meat inspection to the surveillance of poultry 
health and welfare in the European Union. Epidemiol. Infect. 143(11), 2459–2472. 
doi .org /10 .1017 /S09502688140033 79.

IndexBox (2021). World - poultry - market analysis, forecast, size, trends and insights 
update: COVID-19. Impact. Available at: https://www .indexbox .io /store /world 
-poultry -market -report -analysis -and -forecast -to -2020/. Accessed June 18, 2021.

IndexMundi (2021). Broiler meat production annual growth rate by country. Available 
at: https://www .indexmundi .com /agriculture/ ?commodity =broiler -meat &graph = 
production -growth -rate. Accessed June 18, 2021.

Ipek, A., Sahan, U. and Yilmaz, B. (2002). The effect of drinker type and drinker height on 
the performance of broiler cockerels. Czech J. Anim. Sci. 47, 460–466.

Izar-Tenorio, J., Jaramillo, P., Griffin, W. M. and Small, M. (2020). Impacts of projected 
climate change scenarios on heating and cooling demand for industrial broiler 
chicken farming in the Eastern U.S. J. Clean. Prod. 255. doi .org /10 .1016 /j .jclepro 
.2020 .1 20306, 120306.

Jackwood, M. W. (2012). Review of infectious bronchitis virus around the world. Avian Dis. 
56(4), 634–641. doi .org /10 .1637 /10227 -043012 -Revi ew .1.

Jackwood, M. W. and de Wit, S. (2020). Infectious bronchitis. In: Diseases of Poultry 
Swayne, D. E., Boulianne, M., Logue, C. M., McDougald, L. R., Nair, V., Suarez, D. L., 
Wit, S., Grimes, T., Johnson, D., Kromm, M., et al. (Eds). doi .org /10 .1002 /9781119371 
199 . ch4.

Jacobs, L., Delezie, E., Duchateau, L., Goethals, K. and Tuyttens, F. A. M. (2017). Broiler 
chickens dead on arrival: Associated risk factors and welfare indicators. Poult. Sci. 
96(2), 259–265. doi .org /10 .3382 /ps /pew 353.

http://dx.doi.org/doi.org/10.3382/ps/pev200
http://dx.doi.org/doi.org/10.1111/jam.14500
http://dx.doi.org/doi.org/10.1111/jam.14500
http://dx.doi.org/doi.org/10.3382/ps/pez180
http://dx.doi.org/doi.org/10.3389/fvets.2020.00516
http://dx.doi.org/doi.org/10.3389/fvets.2020.00516
http://dx.doi.org/doi.org/10.1017/S0043933918000727
http://dx.doi.org/doi.org/10.1080/03079450601109991
http://dx.doi.org/doi.org/10.1021/acs.est.9b04296
http://dx.doi.org/doi.org/10.1021/acs.est.9b04296
http://dx.doi.org/doi.org/10.1017/S0950268814003379
http://dx.doi.org/https://www.indexbox.io/store/world-poultry-market-report-analysis-and-forecast-to-2020/
http://dx.doi.org/https://www.indexbox.io/store/world-poultry-market-report-analysis-and-forecast-to-2020/
http://dx.doi.org/https://www.indexmundi.com/agriculture/?commodity=broiler-meat&graph=
production-growth-rate
http://dx.doi.org/https://www.indexmundi.com/agriculture/?commodity=broiler-meat&graph=
production-growth-rate
http://dx.doi.org/doi.org/10.1016/j.jclepro.2020.120306
http://dx.doi.org/doi.org/10.1016/j.jclepro.2020.120306
http://dx.doi.org/doi.org/10.1637/10227-043012-Review.1
http://dx.doi.org/doi.org/10.1002/9781119371
199.ch4
http://dx.doi.org/doi.org/10.1002/9781119371
199.ch4
http://dx.doi.org/doi.org/10.3382/ps/pew353


 Optimizing the health of broilers34

© Burleigh Dodds Science Publishing Limited, 2022. All rights reserved.

Jacobs, L., Persia, M. E., Siman-Tov, N., McCoy, J., Ahmad, M., Lyman, J. and Good, L. 
(2020). Impact of water sanitation on broiler chicken production and welfare 
parameters. J. Appl. Poult. Res. 29(1), 258–268.

Jones, P. J., Niemi, J., Christensen, J.-P., Tranter, R. B. and Bennett, R. M. (2019). A review 
of the financial impact of production diseases in poultry production systems. Anim. 
Prod. Sci. 59(9), 1585–1597. doi .org /10 .1071 /AN182 81.

Jung, A., Chen, L. R., Mitsu Suyemoto, M. M., Barnes, H. J. and Borst, L. B. (2018). A review 
of Enterococcus cecorum infection in poultry. Avian Dis. 62(3), 261–271. doi .org /10 
.1637 /11825 -030618 -Revi ew .1.

Kadykalo, S., Roberts, T., Thompson, M., Wilson, J., Lang, M. and Espeisse, O. (2018). The 
value of anticoccidials for sustainable global poultry production. Int. J. Antimicrob. 
Agents 51(3), 304–310. doi .o  rg /10  .1016  /j .ij  antim  icag.  2017.   09 .00  4.

Keerqin, C., Wu, S. B., Svihus, B., Swick, R., Morgan, N. and Choct, M. (2017). An early 
feeding regime and a high-density amino acid diet on growth performance of 
broilers under subclinical necrotic enteritis challenge. Anim. Nutr. 3(1), 25–32. doi 
.org /10 .1016 /j .aninu .2017 .0 1 .002.

Keyburn, A. L., Portela, R. W., Sproat, K., Ford, M. E., Bannam, T. L., Yan, X., Rood, J. I. 
and Moore, R. J. (2013). Vaccination with recombinant NetB toxin partially protects 
broiler chickens from necrotic enteritis. Vet. Res. 44(1), 54. doi .org /10 .1186 /1297 
-9716 -4 4 -54.

Kiarie, E. G. and Mills, A. (2019). Role of feed processing on gut health and function in 
pigs and poultry: Conundrum of optimal particle size and hydrothermal regimens. 
Front. Vet. Sci. 6, 19. doi .org /10 .3389 /fvets .2019 .0 0019.

Kimminau, E. A. and Duong, T. (2019). Longitudinal response of commercial broiler 
operations to bio-shuttle administration. J. Appl. Poult. Res. 28(4), 1389–1397. doi 
.org /10 .3382 /japr /pfz 092.

Kpomasse, C. C., Oke, O. E., Houndonougbo, F. M. and Tona, K. (2021). Broiler production 
challenges in the tropics: A review. Vet. Med. Sci. 00, 1– 12. doi .org /10 .1002 /vms3 . 435.

Krishnasamy, V., Otte, J. and Silbergeld, E. (2015). Antimicrobial use in Chinese swine and 
broiler poultry production. Antimicrob. Resist. Infect. Control 4, 17. doi .org /10 .1186 
/s13756 -015 -00 50 -y.

Leandro, N. M., Ali, R., Koci, M., Moraes, M. R. D., Wineland, M. J. and Oviedo-Rondón, 
E. O. (2011a). Effects of broiler breeder genetic, diet type, and feeding program 
on maternal antibody transfer and development of lymphoid tissues of chicken 
progeny. J. Appl. Poult. Res. 20, 474–484.

Leandro, N. M., Ali, R., Koci, M., Moraes, V., Eusebio-Balcazar, P. E., Jornigan, J., Malheiros, 
R. D., Wineland, M. J., Brake, J. and Oviedo-Rondón, E. O. (2011b). Maternal antibody 
transfer to broiler progeny varies among strains and is affected by grain source and 
cage-density. Poult. Sci. 90(12), 2730–2739.

Legnardi, M., Tucciarone, C. M., Franzo, G. and Cecchinato, M. (2020). Infectious 
bronchitis virus evolution, diagnosis and control. Vet. Sci. 7(2), 79. doi .org /10 .3390 
/vetsci70200 79.

Li, N., Ren, Z., Li, D. and Zeng, L. (2020). Review: Automated techniques for monitoring 
the behaviour and welfare of broilers and laying hens: Towards the goal of precision 
livestock farming. Animal 14(3), 617–625. doi .org /10 .1017 /S17517311190021 55.

Lilly, K. G. S., Gehring, C. K., Beaman, K. R., Turk, P. J., Sperow, M. and Moritz, J. S. (2011). 
Examining the relationships between pellet quality, broiler performance, and bird 
sex. J. Appl. Poult. Res. 20(2), 231–239.

http://dx.doi.org/doi.org/10.1071/AN18281
http://dx.doi.org/doi.org/10.1637/11825-030618-Review.1
http://dx.doi.org/doi.org/10.1637/11825-030618-Review.1
http://dx.doi.org/doi.org/10.1016/j.ijantimicag.2017.09.004
http://dx.doi.org/doi.org/10.1016/j.aninu.2017.01.002
http://dx.doi.org/doi.org/10.1016/j.aninu.2017.01.002
http://dx.doi.org/doi.org/10.1186/1297-9716-44-54
http://dx.doi.org/doi.org/10.1186/1297-9716-44-54
http://dx.doi.org/doi.org/10.3389/fvets.2019.00019
http://dx.doi.org/doi.org/10.3382/japr/pfz092
http://dx.doi.org/doi.org/10.3382/japr/pfz092
http://dx.doi.org/doi.org/10.1002/vms3.435
http://dx.doi.org/doi.org/10.1186/s13756-015-0050-y
http://dx.doi.org/doi.org/10.1186/s13756-015-0050-y
http://dx.doi.org/doi.org/10.3390/vetsci7020079
http://dx.doi.org/doi.org/10.3390/vetsci7020079
http://dx.doi.org/doi.org/10.1017/S1751731119002155


© Burleigh Dodds Science Publishing Limited, 2022. All rights reserved.

Optimizing the health of broilers 35

Lott, B. D., May, J. D., Simmons, J. D. and Branton, S. L. (2001). The effect of nipple height 
on broiler performance. Poult. Sci. 80(4), 408–410.

Luyckx, K. Y., Van Weyenberg, S., Dewulf, J., Herman, L., Zoons, J., Vervaet, E., Heyndrickx, 
M. and De Reu, K. (2015). On-farm comparisons of different cleaning protocols in 
broiler houses. Poult. Sci. 94(8), 1986–1993.

Maekawa, D., Riblet, S. M., Newman, L., Koopman, R., Barbosa, T. and García, M. (2019). 
Evaluation of vaccination against infectious laryngotracheitis (ILT) with recombinant 
herpesvirus of turkey (rHVT-LT) and chicken embryo origin (CEO) vaccines applied 
alone or in combination. Avian Pathol. 48(6), 573–581. doi .org /10 .1080 /03079457 
.2019 .164 4449.

Maki, J. J., Bobeck, E. A., Sylte, M. J. and Looft, T. (2020). Eggshell, and environmental 
bacteria contribute to the intestinal microbiota of growing chickens. J. Anim. Sci. 
Biotechnol. 11, 60. doi .org /10 .1186 /s40104 -020 -004 59 -w.

Manning, L., Chadd, S. A. and Baines, R. N. (2007a). Water consumption in broiler 
chicken: A welfare indicator. Worlds Poult. Sci. J. 63(1), 63–71. doi .org /10 .1017 /
s00439339070012 74.

Manning, L., Chadd, S. A. and Baines, R. N. (2007b). Key health and welfare indicators 
for broiler production. Worlds Poult. Sci. J. 63(1), 46–62. doi .org /10 .1017 /
s00439339070012 62.

McCreery, D. (2015). Water consumption behavior in broilers. Ph.D. Dissertation, 
University of Arkansas. 72 pp.

McDougald, L. R., Cervantes, H. M., Jenkins, M. C., Hess, M. and Beckstead, R. (2020). 
Protozoal infections. In: Diseases of Poultry Swayne, D. E., Boulianne, M., Logue, C. 
M., McDougald, L. R., Nair, V., Suarez, D. L., Wit, S., Grimes, T., Johnson, D., Kromm, 
M., et al. (Eds). doi .org /10 .1002 /9781119371199 .c h28.

McKeith, A., Loper, M. and Tarrant, K. J. (2020). Research note: Stocking density effects on 
production qualities of broilers raised without the use of antibiotics. Poult. Sci. 99(2), 
698–701. doi .org /10 .1016 /j .psj .2019 .0 9 .004.

Miranda, R. M., Abdelrahman, W., van-Heerden, K. and Mohnl, M. (2016). Combination 
of probiotics and coccidiosis vaccine enhances protection against an Eimeria 
challenge. Vet. Res. (Paris) 47, 1, 111.

M’Sadeq, S. A., Wu, S., Swick, R. A. and Choct, M. (2015). Towards the control of necrotic 
enteritis in broiler chickens with in-feed antibiotics phasing-out worldwide. Anim. 
Nutr. 1(1), 1–11. doi .org /10 .1016 /j .aninu .2015 .0 2 .004.

Muthamilselvan, T., Kuo, T. F., Wu, Y. C. and Yang, W. C. (2016). Herbal remedies for 
coccidiosis control: A review of plants, compounds, and anticoccidial actions. Evid. 
Based Complement. Alternat. Med. 2016, 2657981. doi .org /10 .1155 /2016 /2657 
981.

Ncho, C. M., Gupta, V. and Goel, A. (2021). Effect of thermal conditioning on growth 
performance and thermotolerance in broilers: A systematic review and meta-
analysis. J. Therm. Biol. 98, 102916. doi .org /10 .1016 /j .jtherbio .2021 .1 02916.

Neethirajan, S. (2020). The role of sensors, big data and machine learning in modern 
animal farming. Sensing and Bio-Sensing Research 29. doi .org /10 .1016 /j .sbsr .2020 
.1 00367, 100367.

Nolan, L. K., Vaillancourt, J.‐P., Barbieri, N. L. and Logue, C. M. (2020). Colibacillosis. In: 
Diseases of Poultry Swayne, D. E., Boulianne, M., Logue, C. M., McDougald, L. R., Nair, 
V., Suarez, D. L., Wit, S., Grimes, T., Johnson, D., Kromm, M., et al. (Eds). doi .org /10 
.1002 /9781119371199 .c h18.

http://dx.doi.org/doi.org/10.1080/03079457.2019.1644449
http://dx.doi.org/doi.org/10.1080/03079457.2019.1644449
http://dx.doi.org/doi.org/10.1186/s40104-020-00459-w
http://dx.doi.org/doi.org/10.1017/s0043933907001274
http://dx.doi.org/doi.org/10.1017/s0043933907001274
http://dx.doi.org/doi.org/10.1017/s0043933907001262
http://dx.doi.org/doi.org/10.1017/s0043933907001262
http://dx.doi.org/doi.org/10.1002/9781119371199.ch28
http://dx.doi.org/doi.org/10.1016/j.psj.2019.09.004
http://dx.doi.org/doi.org/10.1016/j.aninu.2015.02.004
http://dx.doi.org/doi.org/10.1155/2016/2657981
http://dx.doi.org/doi.org/10.1155/2016/2657981
http://dx.doi.org/doi.org/10.1016/j.jtherbio.2021.102916
http://dx.doi.org/doi.org/10.1016/j.sbsr.2020.100367
http://dx.doi.org/doi.org/10.1016/j.sbsr.2020.100367
http://dx.doi.org/doi.org/10.1002/9781119371199.ch18
http://dx.doi.org/doi.org/10.1002/9781119371199.ch18


 Optimizing the health of broilers36

© Burleigh Dodds Science Publishing Limited, 2022. All rights reserved.

Okinda, C., Lu, M., Liu, L., Nyalala, I., Muneri, C., Wang, J., Zhang, H. and Shen, M. (2019). 
A machine vision system for early detection and prediction of sick birds: A broiler 
chicken model. Biosyst. Eng. 188, 229–242. doi .o  rg /10  .1016  /j .bi  osyst  emsen  g .201   9 
.09.  015.

Oviedo-Rondón, E. O., Hume, M. E., Hernández, C. and Clemente-Hernández, S. (2006). 
Intestinal microbial ecology of broilers vaccinated and challenged with mixed 
Eimeria species, and supplemented with essential oil blends. Poult. Sci. 85(5), 854–
860. doi .org /10 .1093 /ps /85 .5  .854.

Oviedo-Rondón, E. O., Leandro, N. M., Ali, R., Koci, M., Moraes, V. and Brake, J. (2013). 
Broiler breeder feeding programs and trace minerals on maternal antibody transfer 
and broiler humoral immune response. J. Appl. Poult. Res. 22(3), 499–510.

Oviedo-Rondón, E. O. (2019). Holistic view of intestinal health in poultry. Anim. Feed Sci. 
Technol. 250, 1–8. doi .org /10 .1016 /j .anifeedsci .2019 .0 1 .009.

Owen, R. L. (2017). A Practical Guide for Managing Risk in Poultry Production. 2nd edn. 
Jacksonville, FL: AAAP, Inc.

Oznurlu, Y., Celik, I., Telatar, T. and Sur, E. (2010). Histochemical and histological evaluations 
of the effects of high incubation temperature on embryonic development of thymus 
and bursa of Fabricius in broiler chickens. Br. Poult. Sci. 51(1), 43–51. doi .org /10 
.1080 /000716609035755 58.

Part, C. E., Edwards, P., Hajat, S. and Collins, L. M. (2016). Prevalence rates of health and 
welfare conditions in broiler chickens change with weather in a temperate climate. R. 
Soc. Open Sci. 3(9), 3160197160197. doi .org /10 .1098 /rsos .160 197.

Parvin, R., Schinkoethe, J., Grund, C., Ulrich, R., Bönte, F., Behr, K. P., Voss, M., Samad, 
M. A., Hassan, K. E., Luttermann, C., Beer, M. and Harder, T. (2020). Comparison 
of pathogenicity of subtype H9 avian influenza wild-type viruses from a wide 
geographic origin expressing mono-, di-, or tri-basic hemagglutinin cleavage sites. 
Vet. Res. 51(1), 48. doi .org /10 .1186 /s13567 -020 -007 71 -3.

Peacock, T. H. P., James, J., Sealy, J. E. and Iqbal, M. A. (2019). A Global perspective on 
H9N2 avian influenza virus. Viruses 11(7), 620. doi .org /10 .3390 /v110706 20.

Quilumba, C., Quijia, E., Gernat, A., Murillo, G. and Grimes, J. (2015). Evaluation of 
different water flow rates of nipple drinkers on broiler productivity. J. Appl. Poult. 
Res. 24(1), 58–65.

Reck, C., Menin, Á., Canever, M. F., Pilatic, C. and Miletti, L. C. (2019). Molecular detection 
of Mycoplasma synoviae and avian reovirus infection in arthritis and tenosynovitis 
lesions of broiler and breeder chickens in Santa Catarina State, Brazil. J. S. Afr. Vet. 
Assoc. 90, e1–e5. doi .org /10 .4102 /jsava .v90i0 . 1970.

Rood, J. I., Keyburn, A. L. and Moore, R. J. (2016). NetB and necrotic enteritis: The hole 
movable story. Avian Pathol. 45(3), 295–301. doi .org /10 .1080 /03079457 .2016 .115 
8781.

Roth, N., Käsbohrer, A., Mayrhofer, S., Zitz, U., Hofacre, C. and Domig, K. J. (2019). The 
application of antibiotics in broiler production and the resulting antibiotic resistance 
in Escherichia coli: A global overview. Poult. Sci. 98(4), 1791–1804. doi .org /10 .3382 
/ps /pey 539.

Saraiva, G. L., Santos, M. R., Pereira, C. G., Vidigal, P. M. P., Fietto, J. L. R., de Oliveira 
Mendes, T. A., Bressan, G. C., Soares-Martins, J. A. P., de Almeida, M. R. and Silva-
Júnior, A. (2018). Evaluation of the genetic variability found in Brazilian commercial 
vaccines for infectious bronchitis virus. Virus Genes 54(1), 77–85. doi .org /10 .1007 /
s11262 -017 -15 15 -2.

http://dx.doi.org/doi.org/10.1016/j.biosystemseng.2019.09.015
http://dx.doi.org/doi.org/10.1016/j.biosystemseng.2019.09.015
http://dx.doi.org/doi.org/10.1093/ps/85.5.854
http://dx.doi.org/doi.org/10.1016/j.anifeedsci.2019.01.009
http://dx.doi.org/doi.org/10.1080/00071660903575558
http://dx.doi.org/doi.org/10.1080/00071660903575558
http://dx.doi.org/doi.org/10.1098/rsos.160197
http://dx.doi.org/doi.org/10.1186/s13567-020-00771-3
http://dx.doi.org/doi.org/10.3390/v11070620
http://dx.doi.org/doi.org/10.4102/jsava.v90i0.1970
http://dx.doi.org/doi.org/10.1080/03079457.2016.1158781
http://dx.doi.org/doi.org/10.1080/03079457.2016.1158781
http://dx.doi.org/doi.org/10.3382/ps/pey539
http://dx.doi.org/doi.org/10.3382/ps/pey539
http://dx.doi.org/doi.org/10.1007/s11262-017-1515-2
http://dx.doi.org/doi.org/10.1007/s11262-017-1515-2


© Burleigh Dodds Science Publishing Limited, 2022. All rights reserved.

Optimizing the health of broilers 37

Saeed, M., Abbas, G., Alagawany, M., Kamboh, A. A., Abd El-Hack, M. E., Khafaga, A. F. 
and Chao, S. (2019). Heat stress management in poultry farms: A comprehensive 
overview. J. Therm. Biol. 84, 414–425. doi .org /10 .1016 /j .jtherbio .2019 .0 7 .025.

Schoenmakers, K. (2020). How China is getting its farmers to kick their antibiotics habit. 
Nature 586(7830), S60–S62. doi .org /10 .1038 /d41586 -020 -028 89 -y.

Shterzer, N., Rothschild, N., Sbehat, Y., Stern, E., Nazarov, A. and Mills, E. (2020). Large 
overlap between the intestinal and reproductive tract microbiomes of chickens. 
Front. Microbiol. 11, 1508. doi .org /10 .3389 /fmicb .2020 .0 1508.

Simon, K. (2016). Effects of early life conditions on immunity in broilers and layers. 
Wageningen University Ph.D. Dissertation. ISBN 9789462576711 – 188.

Smith, A. L., Hesketh, P., Archer, A. and Shirley, M. W. (2002). Antigenic diversity in Eimeria 
maxima and the influence of host genetics and immunization schedule on cross-
protective immunity. Infect. Immun. 70(5), 2472–2479. doi .org /10 .1128 /iai .70 .5 
.2472 -247 9 .2002.

Smith, J. A. (2019). Broiler production without antibiotics: United States field perspectives. 
Anim. Feed Sci. Technol. 250, 93–98. doi .org /10 .1016 /j .anifeedsci .2018 .0 4 .027.

Soutter, F., Werling, D., Tomley, F. M. and Blake, D. P. (2020). Poultry coccidiosis: Design 
and interpretation of vaccine studies. Front. Vet. Sci. 7, 101. doi .org /10 .3389 /fvets 
.2020 .0 0101.

Swayne, D. E., Suarez, D. L. and Sims, L. D. (2020). Influenza. In: Diseases of Poultry Swayne, 
D. E., Boulianne, M., Logue, C. M., McDougald, L. R., Nair, V., Suarez, D. L., Wit, S., 
Grimes, T., Johnson, D., Kromm, M., et al. (Eds). doi .org /10 .1002 /9781119371199 . ch6.

Swelum, A. A., Elbestawy, A. R., El-Saadony, M. T., Hussein, E. O. S., Alhotan, R., Suliman, G. 
M., Taha, A. E., Ba-Awadh, H., El-Tarabily, K. A. and El-Hack, M. E. A. (2021). Ways to 
minimize bacterial infections, with special reference to Escherichia coli, to cope with 
the first-week mortality in chicks: An updated overview. Poult. Sci. 100(5), 101039. 
doi .org /10 .1016 /j .psj .2021 .1 01039.

Swidan, A. N., Atallah, S. T. and El-Ktany, E. M. (2020). Economic impact of broiler diseases 
on national income of Egypt. Alex. J. Vet. Sci. 67(1), 39–46.

Tebrün, W., Motola, G., Hafez, M. H., Bachmeier, J., Schmidt,V., Renfert, K., Reichelt, C., 
Brüggemann-Schwarze, S. and Pees, M. (2020). Preliminary study: Health and 
performance assessment in broiler chicks following application of six different 
hatching egg disinfection protocols. PLoS ONE 15(5), e0232825. doi .org /10 .1371 
/journal .pone .023 2825.

Timbermont, L., Haesebrouck, F., Ducatelle, R. and Van Immerseel, F. (2011). Necrotic 
enteritis in broilers: An updated review on the pathogenesis. Avian Pathol. 40(4), 
341–347. doi .org /10 .1080 /03079457 .2011 .59 0967. Available at: org .p  rox .l  ib .nc  su 
.ed  u /10.  1080/  03079  457  .2  011 .5  90967  .

Tona, K., Onagbesan, O. M., Jego, Y., Kamers, B., Decuypere, E. and Bruggeman, V. (2004). 
Comparison of embryo physiological parameters during incubation, chick quality, 
and growth performance of three lines of broiler breeders differing in genetic 
composition and growth gate. Poult. Sci. 83(3), 507–513. doi .org /10 .1093 /ps /83 .3  
.507.

Tsiouris, V. (2016). Poultry management: A useful tool for the control of necrotic enteritis 
in poultry. Avian Pathol. 45(3), 323–325. doi .org /10 .1080 /03079457 .2016 .115 4502.

Umesha, S. and Manukumar, H. M. (2018). Advanced molecular diagnostic techniques 
for detection of food-borne pathogens: Current applications and future challenges. 
Crit. Rev. Food Sci. Nutr. 58(1), 84–104. doi .org /10 .1080 /10408398 .2015 .112 6701.

http://dx.doi.org/doi.org/10.1016/j.jtherbio.2019.07.025
http://dx.doi.org/doi.org/10.1038/d41586-020-02889-y
http://dx.doi.org/doi.org/10.3389/fmicb.2020.01508
http://dx.doi.org/doi.org/10.1128/iai.70.5.2472-2479.2002
http://dx.doi.org/doi.org/10.1128/iai.70.5.2472-2479.2002
http://dx.doi.org/doi.org/10.1016/j.anifeedsci.2018.04.027
http://dx.doi.org/doi.org/10.3389/fvets.2020.00101
http://dx.doi.org/doi.org/10.3389/fvets.2020.00101
http://dx.doi.org/doi.org/10.1002/9781119371199.ch6
http://dx.doi.org/doi.org/10.1016/j.psj.2021.101039
http://dx.doi.org/doi.org/10.1371/journal.pone.0232825
http://dx.doi.org/doi.org/10.1371/journal.pone.0232825
http://dx.doi.org/doi.org/10.1080/03079457.2011.590967
http://org.prox.lib.ncsu.edu/10.1080/03079457.2011.590967
http://org.prox.lib.ncsu.edu/10.1080/03079457.2011.590967
http://dx.doi.org/doi.org/10.1093/ps/83.3.507
http://dx.doi.org/doi.org/10.1093/ps/83.3.507
http://dx.doi.org/doi.org/10.1080/03079457.2016.1154502
http://dx.doi.org/doi.org/10.1080/10408398.2015.1126701


 Optimizing the health of broilers38

© Burleigh Dodds Science Publishing Limited, 2022. All rights reserved.

USAHA (2021). United States animal health. Transmissible diseases of poultry and avian 
species. Committee on Poultry and other avian species. Available at: https://www 
.usaha .org /transmissible -diseases -of -poultry -avian -species.

Van Limbergen, T., Dewulf, J., Klinkenberg, M., Ducatelle, R., Gelaude, P., Mendez, J., 
Heinola, K., Papasolomontos, S., Szeleszczuk, P., Mae, D. and PROHEALTH consortium 
(2018). Scoring biosecurity in European conventional broiler production. Poult. Sci. 
97(1), 74–83. doi .org /10 .3382 /ps /pex 296.

Van Limbergen, T., Sarrazin, S., Chantziaras, I., Dewulf, J., Ducatelle, R., Kyriazakis, I., 
McMullin, P., Méndez, J., Niemi, J. K., Papasolomontos, S., Szeleszczuk, P., Erum, J. 
V., Maes, D. and PROHEALTH consortium (2020). Risk factors for poor health and 
performance in European broiler production systems. BMC Vet. Res. 16(1), 287. doi 
.org /10 .1186 /s12917 -020 -024 84 -3.

Venkatas, J. and Adeleke, M. A. (2019). A review of Eimeria antigen identification for the 
development of novel anticoccidial vaccines. Parasitol. Res. 118(6), 1701–1710. doi 
.org /10 .1007 /s00436 -019 -063 38 -2.

Wade, B. and Keyburn, A. (2015). The true cost of necrotic enteritis. World Poult. 31, 
16–17.

Wang, R., van Dorp, L., Shaw, L. P., Bradley, P., Wang, Q., Wang, X., Jin, L., Zhang, Q., Liu, Y., 
Rieux, A., Dorai-Schneiders, T., Weinert, L. A., Iqbal, Z., Didelot, X., Wang, H. and Balloux, 
F. (2018). The global distribution and spread of the mobilized colistin resistance gene 
mcr-1. Nat. Commun. 9(1), 1179. doi .org /10 .1038 /s41467 -018 -032 05 -z.

Wang, Y., Xu, C., Zhang, R., Chen, Y., Shen, Y., Hu, F., Liu, D., Lu, J., Guo, Y., Xia, X., Jiang, 
J., Wang, X., Fu, Y., Yang, L., Wang, J., Li, J., Cai, C., Yin, D., Che, J., Fan, R., Wang, Y., 
Qing, Y., Li, Y., Liao, K., Chen, H., Zou, M., Liang, L., Tang, J., Shen, Z., Wang, S., Yang, 
X., Wu, C., Xu, S., Walsh, T. R. and Shen, J. (2020). Changes in colistin resistance 
and mcr-1 abundance in Escherichia coli of animal and human origins following the 
ban of colistin-positive additives in China: An epidemiological comparative study. 
Lancet Infect. Dis. 20(10), 1161–1171. doi .org /10 .1016 /S1473  -3099(20)30149-3.

Watkins, S. E., Fritts, C. A., Yan, F., Wilson, M. L. and Waldroup, P. W. (2005). The interaction 
of sodium chloride levels in poultry drinking water and the diet of broiler chickens. 
J. Appl. Poult. Res. 14(1), 55–59.

Wijnen, H. J., van den Brand, H., Lammers, A., van Roovert-Reijrink, I. A. M., van der Pol, C. 
W., Kemp, B. and Molenaar, R. (2020). Effects of eggshell temperature pattern during 
incubation on primary immune organ development and broiler immune response in 
later life. Poult. Sci. 99(12), 6619–6629. doi .org /10 .1016 /j .psj .2020 .0 9 .088.

Wilkie, D. C., Van Kessel, A. G., White, L. J., Laarveld, B. and Drew, M. D. (2005). Dietary 
amino acids affect intestinal Clostridium perfringens populations in broiler chickens. 
Can. J. Anim. Sci. 85(2), 185–193.

Williams, C. L., Tabler, G. T. and Watkins, S. E. (2013). Comparison of broiler flock daily 
water consumption and water-to-feed ratios for flocks grown in 1991, 2000–2001, 
and 2010–2011. J. Appl. Poult. Res. 22(4), 934–941.

Williams, R. B. (1999). A compartmentalised model for the estimation of the cost of 
coccidiosis to the world’s chicken production industry. Int. J. Parasitol. 29(8), 
1209–1229.

Williams, R. B. (2005). Intercurrent coccidiosis and necrotic enteritis of chickens: Rational, 
integrated disease management by maintenance of gut integrity. Avian Pathol. 
34(3), 159–180. doi .org /10 .1080 /030794505001121 95.

http://dx.doi.org/https://www.usaha.org/transmissible-diseases-of-poultry-avian-species
http://dx.doi.org/https://www.usaha.org/transmissible-diseases-of-poultry-avian-species
http://dx.doi.org/doi.org/10.3382/ps/pex296
http://dx.doi.org/doi.org/10.1186/s12917-020-02484-3
http://dx.doi.org/doi.org/10.1186/s12917-020-02484-3
http://dx.doi.org/doi.org/10.1007/s00436-019-06338-2
http://dx.doi.org/doi.org/10.1007/s00436-019-06338-2
http://dx.doi.org/doi.org/10.1038/s41467-018-03205-z
http://dx.doi.org/doi.org/10.1016/S1473-30992030149-3
http://dx.doi.org/doi.org/10.1016/j.psj.2020.09.088
http://dx.doi.org/doi.org/10.1080/03079450500112195


© Burleigh Dodds Science Publishing Limited, 2022. All rights reserved.

Optimizing the health of broilers 39

Xin, X. F., Zhang, Y., Wang, J. M. and Nuetah, J. A. (2016). Effects of farm size on technical 
efficiency in China’s broiler sector: A stochastic meta-frontier approach. Can. J. Agr. 
Econ. 64(3), 493–516.

Xu, J., Sangthong, R., McNeil, E., Tang, R. and Chongsuvivatwong, V. (2020). Antibiotic use 
in chicken farms in northwestern China. Antimicrob. Resist. Infect. Control 9(1), 10. 
doi .org /10 .1186 /s13756 -019 -06 72 -6.

Yang, W. Y., Lee, Y. J., Lu, H. Y., Branton, S. L., Chou, C. H. and Wang, C. (2019). The netB-
positive Clostridium perfringens in the experimental induction of necrotic enteritis 
with or without predisposing factors. Poult. Sci. 98(11), 5297–5306. doi .org /10 .3382 
/ps /pez 311.

Yassin, H., Velthuis, A. G. J., Boerjan, M. and van Riel, J. (2009). Field study on broilers’ first-
week mortality. Poult. Sci. 88(4), 798–804. doi .org /10 .3382 /ps .2008 -0 0292.

Yegani, M. and Korver, D. R. (2008). Factors affecting intestinal health in poultry. Poult. Sci. 
87(10), 2052–2063.

Yerpes, M., Llonch, P. and Manteca, X. (2020). Factors associated with cumulative first-week 
mortality in broiler chicks. Animals (Basel) 10(2), 310. doi .org /10 .3390 /ani100203 10.

Zahoor, I., Ghayas, A. and Basheer, A. (2018). Genetics and genomics of susceptibility 
and immune response to necrotic enteritis in chicken: A review. Mol. Biol. Rep. 45(1), 
31–37.

Zanu, H. K., Kheravii, S. K., Bedford, M. R. and Swick, R. A. (2020). Dietary calcium and meat 
and bone meal as potential precursors for the onset of necrotic enteritis. Worlds 
Poult. Sci. J. 76(4), 743–756. doi .org /10 .1080 /00439339 .2020 .183 1419.

Żbikowska, K., Michalczuk, M. and Dolka, B. (2020). The use of bacteriophages in the 
poultry industry. Animals (Basel) 10(5). doi .org /10 .3390 /ani100508 72.

Zhang, Q. and Sahin, O. (2020). Campylobacteriosis. In: Diseases of Poultry Swayne, D. E., 
Boulianne, M., Logue, C. M., McDougald, L. R., Nair, V., Suarez, D. L., Wit, S., Grimes, 
T., Johnson, D., Kromm, M., et al. (Eds). doi .org /10 .1002 /9781119371199 .c h17.

Zhuang, X., Bi, M., Guo, J., Wu, S. and Zhang, T. (2018). Development of an early warning 
algorithm to detect sick broilers. Comput. Electron. Agric. 144, 102–113. doi .org /10 
.1016 /j .compag .2017 .1 1 .032.

http://dx.doi.org/doi.org/10.1186/s13756-019-0672-6
http://dx.doi.org/doi.org/10.3382/ps/pez311
http://dx.doi.org/doi.org/10.3382/ps/pez311
http://dx.doi.org/doi.org/10.3382/ps.2008-00292
http://dx.doi.org/doi.org/10.3390/ani10020310
http://dx.doi.org/doi.org/10.1080/00439339.2020.1831419
http://dx.doi.org/doi.org/10.3390/ani10050872
http://dx.doi.org/doi.org/10.1002/9781119371199.ch17
http://dx.doi.org/doi.org/10.1016/j.compag.2017.11.032
http://dx.doi.org/doi.org/10.1016/j.compag.2017.11.032



