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Early life experiences can have long-lasting effects. A classic example of this comes
from the so called ‘Dutch hunger winter’ that occurred during the second world war.
Severe malnutrition of pregnant women during this winter increased the risk of obesity,
schizophrenia, and high blood pressure during adulthood of their offspring (Ravelli et al.,
1976; Susser et al., 1996; Stein et al., 2006). It has also been shown in many other animal
species that early life experiences, particularly stress and under-nutrition, can affect health in
later life (Rutherford et al., 2012). In broilers, effects of early life experiences on health in later
life have barely been studied so far.
Almost 40% of the total global meat production comes from poultry (OECD/FAO, 2021).
Therefore, broiler production undoubtedly has a considerable impact in the world in terms
of food supply and usage of feed resources. Optimal broiler health contributes to sustainable
production in terms of broiler welfare, ecological footprint, and human health. After all,
suboptimal health increases the risk of diseases that can cause animal suffering, losses in
production, inefficient conversion of feed resources, emergence of zoonoses, and increased
usage of antibiotics, which in turn increases the threat of antimicrobial resistance. Given the
possibility that early life experiences may affect broiler health in later life, conditions during
early life should be optimized. Despite this, there are indications that some current nutritional
and environmental conditions during the early life of broilers can perhaps be optimized.
Therefore, this thesis presents a study on the effects of early life conditions on broiler health
and, more specifically, broiler resilience.

DEFINITION OF RESILIENCE
The term ‘resilience’ is a catch-all term that is used in multiple disciplines. Despite its
broad usage, the definition basically comes down to the same meaning; the ability to cope with
disturbances and reorganize with minimal loss of function (Folke et al., 2010; Colditz and Hine,
2016). Loss of function can be determined in livestock by observing specific biomarkers, for
instance, retardation of body growth or morbidity. Previous studies on livestock diseases
indicate that resilience is mainly determined by three complementary aspects called
resistance, tolerance, and recovery (Schneider and Ayres, 2008; Bishop, 2012). Resistance can
be defined as the capability to withstand a disturbance; tolerance as the capability to keep
negative impact to a minimum, despite being affected by a disturbance; and recovery as the
capability to return to a normal state. To determine the total functional loss, broiler disease
resilience was assessed in this thesis by studying these three aspects of resilience (Figure 1). A
resilient broiler will have a higher resistance (longer timespan from exposure to a disturbance
until first loss of function), a higher tolerance (milder functional loss, e.g. drop in growth
rate), and/or faster recovery from a disturbance.
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Figure 1. Graphical representation of 4 resilience levels (unaffected, high, intermediate, low) and the 3 complementary
aspects that could be studied to measure resilience: resistance (green), tolerance (purple), and recovery (orange) from
the intermediate resilience level.

It should be noted that some studies on disease resilience of livestock also include the
capability to transmit infection to conspecifics as an additional aspect of resilience (DoeschlWilson et al., 2021). Transmissibility is determined at group level and could be studied by
using an epidemiological approach. The current thesis does not follow such an approach.

BROILER DISEASE RESILIENCE
Throughout this thesis ‘disease resilience’ refers to resilience against pathogenic
infections. Broiler diseases can have different causes, such as nutritional deficiencies or
hereditable defects, but they can often be prevented either by breeding or by adjustments
in diet formulations. Infectious diseases are difficult to prevent, and broilers can face a wide
variety of diseases throughout their lifespan. Some occur seasonally, such as avian influenza,
whereas others are ubiquitous in broiler houses, such as coccidiosis. Although the true
prevalence of broiler infectious diseases is difficult to determine, it is evident that infectious
diseases are a considerable threat to broiler production (Shirley et al., 2004; Zhang et al., 2013;
Zhuang et al., 2014; Jones et al., 2019).
Various measures are taken to reduce the risk of infectious diseases. Large scale facilities
often apply strict sanitary protocols and biosecurity measures (Berrang et al., 2000; Buhr et
al., 2013; MacDonald and Wang, 2011). Although these protective measures largely reduce
the pathogenic load in the environment, they do not offer full protection as infectious
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diseases still occur. Additionally, drugs, such as anticoccidials, are used in diets, along with
vaccinations or preventive usage of antibiotics. However, the extensive use of drugs over
the past decades has contributed to antibiotic resistance. Consequently, antimicrobial and
anticoccidial resistance now occurs frequently in poultry production all over the world (Peek
and Landman, 2011; Ojimelukwe et al., 2018; Zhang et al., 2019; Veldman et al., 2021). Drugresistant pathogens are a threat to poultry health as well as human health, because resistant
bacteria that are found in poultry can be transferred to humans and can cause infections
that are difficult or impossible to treat (reviewed by Picot et al., 2021). The World Health
Organization stated that antimicrobial resistance is currently one of the most urgent public
health threats. Some EU countries have banned preventive group treatments with antibiotics
in livestock. In the Netherlands, such a ban resulted in an almost 70% reduction of antibiotic
use and a simultaneous decrease in resistant isolates from livestock species (Veldman et al.,
2021). New EU legislation (EU 2019/6) prohibited the routine use of antibiotics in farming
from the 28th of January 2022 onwards.
This increasing threat of rising antimicrobial resistance and the ban on antibiotics, in
addition to insufficient biosecurity measures, have drawn attention to alternative approaches
to reduce the risk of infectious diseases in broilers. An alternative approach is to enhance
broiler resilience. In this approach, the broiler’s capacity to adapt to varying environments
and stressors is increased by optimal development during early life. This is in contrast to the
aforementioned measures that adapt the system to the broiler, because, as well as reducing
drugs usage, it has the primary benefit of increasing broiler resilience in a non-pathogen
specific manner. Higher broiler resilience is desirable because pathogens can mutate over
time, requiring an ongoing development of new drugs, whereas enhancing broiler resilience
supports general protection and may reduce the impact of antibiotic-resistant pathogens.

PERINATAL CONDITIONS
Broiler resilience may be enhanced by optimizing early life conditions. The early
life of animals is generally recognized as a vulnerable phase of life, because some of their
physiological regulatory systems are still immature. For example, broilers are not fully
homeothermic at hatch and therefore depend on the ambient temperature to control their
own body temperature (Whittow and Tazawa, 1991; Nichelmann and Tzschentke, 2002). The
broiler’s adaptive immune system is also immature at hatch and becomes functional during
the first weeks of life (Shira et al., 2003). The maturation of these and other physiological
regulatory systems does not seem to be a fixed process and early-life conditions, or so-called
‘perinatal conditions’, can affect these processes and permanently shape an animal’s phenotype
(Lindström, 1999; Dixon et al., 2016). The early life period can thus be seen as a window of
opportunity in which perinatal conditions may alter broiler resilience in later life.
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Post-hatch feeding strategy
One perinatal condition that may affect broiler resilience is the moment of first access
to feed and water after hatch. In modern commercial practice, most chicks are withheld from
feed and water during the period from hatch at a hatchery until placement in a broiler house
(from here onwards referred to as ‘delayed feeding’).
Delayed feeding
The duration from hatch until placement is dependent on hatch moment, chick
processing procedures, and transport duration from hatchery to farm. Hatch moment varies
between individual chicks within a batch of incubated eggs. The hatch moment is determined
by abiotic factors, such as egg storage duration or temperature within an incubator, as well as
biotic factors, such as variations in egg weight, parent flock age, sex of the embryo, and eggshell
conductance (Meijer and Siemers, 1993; Tona et al., 2003;Almeida et al., 2008; Bergoug et al.,
2013). The timespan between the first chick to hatch and the last within a batch is called the
‘hatch window’. In commercial hatcheries, the average duration of a hatch window is around
33 hours (Olsen and Winton, 1941; Tona et al., 2003; Careghi et al., 2005). Several hours after
the last chick hatches, all chicks are pulled from the incubator. This pull moment is set at a
fixed duration of incubation at approximately 21 days and 8 hours (512 hours of incubation).
After pull, different chick processing procedures can take place such as quality assessment,
vaccination, counting, and storage until transportation. Finally, chicks are transported from
the hatchery to a farm. The duration of transport can vary tremendously between batches
of chicks, depending on for instance the location of the farm or whether chicks have to be
transported to multiple farm locations. Given these points, the duration of delayed feeding
is estimated to be at least 9 h for late hatchers and 42 h for early hatchers in case of short
transport durations, but longer durations of up to 72 h have been suggested (van de Ven et al.,
2009; Willemsen et al., 2010).
After incubation, approximately 18% of the initial egg yolk still remains (Nangsuay et al.,
2011), and this residual yolk (RY) is located in the abdomen of the newborn chick. This RY can
be taken up by the chick via blood vessels or via a yolk stalk directly into the gastrointestinal
tract up to 5 days post hatch (Esteban et al., 1991; Jeurissen et al., 1991; Noy et al., 1996; Noy
and Sklan, 1998; van der Wagt et al., 2020). Therefore, a delay in feeding may not be such a
problem for the neonatal chick. In fact, in the past it was common notion that direct access to
feed and water after hatch would hamper the uptake of RY and that this would cause digestive
problems, but once it was investigated this belief was dispelled (Roberts, 1928).
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Early feeding
Since the beginning of the 21st century, alternative hatching systems have been
introduced on the market in which chicks have access to feed and water directly after hatch
(from here onwards referred to as ‘early feeding’). Many other studies on the effects of posthatch feeding strategy in chickens followed since then (reviewed by Zubair et al., 1996; Noy
and Sklan et al., 1997; Friedman et al., 2003; Noy and Uni, 2010, Willemsen et al., 2010; de
Jong et al., 2017). In general, the perspective on early feeding gradually changed from negative
to positive. It was consistently found that delayed fed broilers lose body weight during the
fasting period whereas early fed broilers increase in body weight during the same period (Xin
and Lee, 1997; Bigot et al., 2003; Careghi et al., 2005; van de Ven et al., 2009). In 2016, a metaanalysis was performed on 75 papers that studied the effects of post-hatch feeding strategy
in broilers, layers, or turkey poults, with regard to growth performance (e.g., body weight,
food conversion), physiology (e.g., hormone levels, organ weights, yolk size), behaviour, and
health characteristics (e.g. morbidity, immunological parameters) (de Jong et al., 2017). The
main conclusions were that early compared to delayed feeding temporarily increased plasma
glucose and thyroid hormone concentrations, gut morphology, and relative weight of organs
such as the liver, pancreas, and heart. In the long term, early compared to delayed feeding (24
- 84 hours) resulted in higher body weight (up to 6 weeks of age) and lower mortality rates.
Feed conversion ratio was not affected by post-hatch feeding strategies.
Post-hatch feeding strategy vs disease resilience
More importantly in the context of this thesis, it was concluded that the effects of posthatch feeding strategy on chicken health and welfare remain inconclusive (de Jong et al., 2017).
There are some indications that post-hatch feeding strategy may affect broiler resilience. For
example, de Jong et al. (2017) found that early feeding lowered total mortality during the
first 6 weeks of age compared to delayed feeding. Mortality can be the result of pathogenic
infection, and as such it could indicate an alteration in disease resilience. Also, post-hatch
feeding strategy has been found to alter antibody and cytokine responses when exposed to
model antigens such as anti-hemocyanin, human serum albumin, or sheep red blood cells
(Shira et al., 2005; Simon et al., 2015; Lamot et al., 2016). This indicates that early fed broilers
may differ in immune responses compared to delayed fed broilers and perhaps this improves
their disease resilience. However, despite these findings, solid conclusions cannot be drawn
on the effect of post-hatch feeding strategy on broiler resilience. For example, high or low
antibody levels may indicate a difference in the strength of the immune response but they
may also be the result of a higher or lower number of pathogens, respectively, that were able to
infect the animal. Measuring disease responses to disease models with infectious pathogens
may elucidate whether or not early feeding enhances broiler resilience.
Until now, four studies have investigated the effects of post-hatch feeding strategy on
disease response in either layer or broiler chickens; all of them used coccidiosis and each study
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found indications that early feeding may enhance disease resilience (Dibner et al., 1998; Yi et
al., 2005; Walstra et al., 2010; Ao et al., 2012). However, those studies measured pathogenesis
at few time points after induction of coccidiosis and therefore disease resilience could not
be assessed as was previously defined in this thesis, by means of resistance, tolerance, and
recovery to determine the total functional loss. Besides, in some of these studies treatment
was confounded with other perinatal conditions. Furthermore, effects from those studies
could not be attributed to early feeding as referred to in this thesis, because those early
feeding treatments either had no water or had first access at placement in the broiler house.
As previously described, due to the hatch window, some chicks are already over 42 hours old
at placement in the broiler house. To avoid this, some studies decided to collect chicks from
the incubator that hatched very recently (indicated by non-dried down feathers), but in such
case the collected chicks all hatched at one specific time point within the hatch window, whilst
it has been shown that early, midterm, and late hatching chicks may differ in their response to
post-hatch feeding strategies (Sklan et al., 2000; Careghi et al., 2005; van de Ven et al., 2011;
van de Ven et al., 2013; Lamot et al., 2014; Wang et al., 2014).

Incubation temperature
De Jong et al. (2017) demonstrated that considerable variation and inconsistency
exists among studies on post-hatch feeding strategy, which may be dependent, in part, on
incubation temperature. Incubation temperature has a major impact on embryo development.
Avian embryos act poikilothermic during the majority of the incubation period (Dietz and
van Kampen, 1994; French et al., 1997). Within certain limits, any increase in incubation
temperature will raise embryo body temperature and accelerate metabolism, whereas the
opposite will occur when lowering incubation temperature. Consequently, incubation
temperature impacts the rate of embryo development and chick quality characteristics at
hatch moment (Romanoff, 1936; Decuypere and Michels, 1992; Lourens et al., 2005).
Incubation temperature x post-hatch feeding strategy
It can be speculated that chicks that differ in development at hatch may respond differently
to post-hatch feeding strategy. For instance, chicks that differ in yolk-free body mass (YFBM)
or amount of RY at hatch may have different nutritional needs. Chicks with higher YFBM
at hatch may need more energy and nutrients for maintenance and further development
and thus their need for early feeding may be higher. Another difference that could arise is
that of gut development through incubation temperature, which might impact response to
first exogenous feed intake. It has been shown that incubation temperature can affect gut
morphology and digestive enzyme activity in newborn chicks (Wineland et al., 2006; Barri et
al., 2011; Leandro et al., 2017). Chicks with suboptimal gut development at hatch in terms of
villi and crypt morphology or low digestive enzyme activity may have difficulties to digest and
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absorb exogenous feed directly after hatch. These hypothesized biological mechanisms are yet
to be tested and thus warrant further investigation.
Eggshell temperature
Traditionally, incubator air temperature was used to indicate the temperature at which
eggs were incubated, however, actual egg temperature often differs from incubator air
temperature (Booth, 1985; Tazawa and Rahn, 1987; Meijerhof and van Beek, 1993; Lourens
et al., 2001; Piestun et al., 2009; Gualhanone et al., 2012; Tong et al., 2016). The difference
between incubator air temperature and egg temperature varies between incubator types,
depending, for instance, on sensor positions, uniformity within an incubator, and especially
on airflow and cooling capacity during the last week of incubation (Kaltofen, 1969; van
Brecht et al., 2005; Elibol and Brake, 2008; Özcan et al., 2010). Such discrepancies between
air temperature and egg temperature hinder interpretability of studies on incubation air
temperature. Alternatively, actual eggshell temperature (EST) can be measured as an accurate
reflection of embryo body temperature (Spiers and Baummer, 1990; French, 1997). This thesis
will merely reflect on studies that provided EST unless it is explicitly stated that incubation
temperature was reflected by air temperature.
Effects of EST patterns on chick quality characteristics at hatch
In the 1920s, approximately 60 years after the introduction of the first artificial
incubators, the first studies on incubation air temperatures were published (e.g. Voss, 1928).
Almost 80 years later, the first studies investigating the effects of EST patterns were published
and since then, a constant EST of 37.8°C throughout incubation is considered to result in the
most optimal chick quality at hatch (Lourens et al., 2005). Later studies on EST showed that
a relatively small increase to 38.6°C EST or a decrease to 36.7°C EST throughout the entire
incubation period resulted in lower hatchability and worse chick quality at hatch expressed by
worse navel conditions, higher RY weight and lower heart, stomach, and liver weights relative
to yolk-free body mass (YFBM) (van der Pol et al., 2014).
Embryonic heat production starts from approximately day 7 of incubation and increases
a 14 – 20 fold during the second and third week of incubation (Romijn and Lokhorst,
1960; Lourens et al., 2007; Nangsuay et al., 2013). With capacities of up to 200,000 eggs
in commercial incubators, it can be difficult to remove excess heat during these weeks of
incubation; consequently, higher EST than the optimal of 37.8°C can be found during the
second and third weeks of incubation. To study the consequences of this, multiple studies
have increased EST above 37.8°C either from mid incubation onwards (Lourens et al., 2007;
Molenaar et al., 2010a; Molenaar et al., 2011a / 2011b; Molenaar et al., 2013; Ipek and Sozcu,
2014; Ipek et al., 2015; Zhu et al., 2015; Ipek and Sozcu, 2016; Nangsuay et al., 2016; Nangsuay
et al., 2017) or only during the last week or days of incubation (Lourens et al., 2005; Joseph et
al., 2006; Hulet et al., 2007; Leksrisompong et al., 2007; Oviedo-Rondon et al., 2009; Molenaar
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et al., 2010; Barri et al., 2011; Maatjens et al., 2014a / 2014b; Sozcu et al., 2015; Almeida et
al., 2016; Maatjens et al., 2016a / 2016b; Morita et al., 2016a / 2016b; Maatjens et al., 2017).
The general conclusion from these studies is that, compared to a constant EST of 37.8°C,
an EST of 38.9°C or higher from mid incubation onwards or only during late incubation
lowers hatchability and impairs chick quality at hatch expressed by shorter chick length,
lower YFBM, higher RY weight, worse navel condition, and lower relative organ weights.
The lower chick quality was likely caused by a shorter incubation duration and an imbalance
between oxygen availability and metabolic rate. A higher EST consistently decreases the
incubation duration and consequently embryos have less time to develop within the egg
(Molenaar et al., 2010a). As discussed, embryos act poikilothermic and therefore higher EST
likely resulted in a higher metabolic rate and oxygen demand and initial faster development.
However, from approximately embryonic day (E) 14 of incubation onwards, a plateau stage
in oxygen availability occurs as maximal conductance of oxygen through the eggshell is
reached (Visschedijk et al., 1985; Lourens et al., 2007; Nangsuay, 2016). In the situation of a
high metabolic rate and limited availability of oxygen, the deposition of proteins from yolk
into embryo body mass seems to be less efficient (Molenaar et al., 2010a; Molenaar et al.,
2013). Proteins were probably used to supply energy, either via gluconeogenesis or via direct
adenosine triphosphate production (Hazelwood and Lorenz, 1959; McArdle et al., 1981),
whereas at a lower metabolic rate and sufficient oxygen availability, energy can be supplied by
oxidation of fatty acids and proteins remain available for embryo body development (Moran,
2007; de Oliveira et al., 2008).
Alternative EST patterns
Although an EST of 37.8°C throughout incubation is generally considered optimal,
recent findings indicate that two adjustments to this constant EST of 37.8°C may benefit
embryo development. Firstly, it can be speculated that raising EST during the second
week of incubation only may enhance chick development at hatch (Nangsuay, 2016). The
availability of oxygen is not limited yet during this week and any EST higher than 37.8°C will
raise embryo metabolism, potentially advancing body development. Nangsuay et al. (2017)
showed that a higher EST of 38.9°C from E7 onwards resulted in higher YFBM at E14 and E16
compared to a constant EST of 37.8°C. In their study, the higher EST was maintained during
the last week of incubation. Consequently, at E18 these differences disappeared and at hatch
a lower YFBM was found for chicks incubated at 38.9°C EST from E7 onwards. Once oxygen
availability becomes a limiting factor for embryo growth at approximately E14 onwards, it
could be beneficial to lower EST again to 37.8°C to prevent the oxygen imbalance that was
described in the previous paragraph. To the best of the author’s knowledge, no studies have
been conducted that have investigated the effects of raising EST continuously during the
second week of incubation only on chick quality at hatch compared to a constant EST of
37.8°C throughout incubation.
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The second finding is that lowering EST below 37.8°C during late incubation may be
beneficial for embryo development and chick quality at hatch. As previously indicated, there
is a plateau stage in oxygen availability during the last week of incubation (Visschedijk et al.,
1985; Lourens et al., 2007; Nangsuay, 2016). An EST higher than 37.8°C during late incubation
seems to result in a higher imbalance between metabolic rate and oxygen availability, resulting
in impaired chick development at hatch (Molenaar et al., 2010b). Perhaps an EST slightly
lower than 37.8°C during late incubation lowers this oxygen imbalance such that embryo
development and chick quality at hatch are enhanced. Maatjens et al. (2016a) found that
lowering EST to 36.7°C from E15, E17, or E19 of incubation onwards resulted in higher
YFBM and higher relative weight of the liver and heart compared to a constant EST of 37.8°C
(Maatjens et al., 2016a). It was also found that chicks at hatch had higher intestinal and bursal
weights relative to YFBM when EST was lowered to 36.7°C from E19 of incubation onwards
compared to a constant EST of 37.8°C (Maatjens et al., 2014a).
A lower EST of 36.7°C during late incubation may further enhance the suggested
beneficial effects of a higher EST of 38.9°C during the second week of incubation (Figure 2).
It was suggested by Nangsuay (2017) that a higher EST during mid incubation might result
in an earlier and more severe shortage of oxygen during the remaining incubation period.
A lower EST of 36.7°C during this remaining period may diminish this limitation, but this
interaction is not investigated yet.

Figure 2. Graphical representation of alterations in EST pattern that may enhance embryo development.
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Incubation temperature vs disease resilience
The incubation phase covers approximately 30% of a broiler’s total lifespan. It is has been
shown that EST patterns can affect broiler growth performance up to slaughter age (Joseph et
al., 2006; Hulet et al., 2007). Therefore, it can be speculated that incubation temperature may
also affect broiler resilience. Only two studies investigated effects of incubation temperature
on immunocompetence of broilers during later life. One study showed that an air temperature
over 38.8°C from E10 onwards compared to a constant air temperature of 37.8°C resulted in
reduced colonization of Salmonella Enteritidis in the caecal content of broilers at 10 days posthatch when inoculated with this bacterium at day 2 post-hatch (De Barros Moreira Filho et
al., 2015). The other study with broilers found no altered immune responses when changing
incubator air temperature by 1°C in either direction from 37.8°C during E14 and onwards,
expressed by similar antibody levels at day 14 or 35 post-hatch when vaccinated at day 7 and
20 against a combination of Newcastle disease and infectious bursal disease (Santin et al.,
2003).
In summary, studies investigating effects of incubation temperature on
immunocompetence of broilers during later life are very limited, inconclusive, use incubator
air temperature instead of EST, and did not study broiler resilience as defined in this thesis.
Finally, no studies investigated the interaction with post-hatch feeding strategy.
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AIM AND APPROACH OF THIS THESIS
In this thesis, the effects of post-hatch feeding strategy, EST pattern, and the interaction
between the two, on broiler resilience to infectious diseases during rearing is studied.
The aim is to verify the following hypotheses;
1)	
Direct access to feed and water post-hatch results in a higher broiler disease resilience
compared to delayed access.
2)	
A higher EST of 38.9°C during mid incubation in combination with a lower EST of
36.7°C during late incubation will result in optimal chick quality at hatch and a higher
broiler disease resilience compared to a constant EST of 37.8°C.
3)	
Optimal incubation temperature and early feeding will interact synergistically to
enhance broiler resilience.
To answer these hypotheses, three experiments were conducted (summarized in Figure
3). During the first experiment (Chapter 2 and 3), all chicks received early feed, so feeding
strategy was not a treatment in this experiment. The effects of a higher EST during the
second week of incubation, and a lower EST during the last week of incubation, and the
interaction between them, on chick quality characteristics at hatch and growth performance
until slaughter age were studied (Chapter 2). The effects of these EST patterns on bursa and
jejunum morphology at hatch were also studied, as well as immune response during late life
(Chapter 3).
Based on the findings of this experiment, it was decided that there was no further need to
study the interaction between a higher EST during mid incubation and a lower EST during late
incubation and these EST treatments were tested separately in the following two experiments.
Furthermore, results from the first experiment were ambiguous on whether or not a lower
EST of 36.7°C during the last week of incubation was advantageous for embryogenesis and
immunocompetence during rearing. Therefore it was decided to lower EST at a slightly later
moment during incubation in a second experiment, from embryonic day 17 instead of day 14
(each referred to as ‘lower EST during late incubation’ from here onwards).
In the second experiment of this thesis, the effects of a lower EST during late incubation
and post-hatch feeding strategy and the interaction between them, on physiological
regulatory systems such as thermoregulation and stress, during early life (Chapter 4) and
broiler resilience (Chapter 5), were studied. To model broiler resilience, necrotic enteritis was
induced at 3 weeks of age in collaboration with Poulpharm (Zwevegem, Belgium), a company
that is specialized in clinical trials.
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In the final experiment of this thesis, the effects of a higher EST during mid-incubation
and post-hatch feeding strategy and the interaction between them on broiler resilience to
colibacillosis was studied (Chapter 6). Colibacillosis was induced at one week of age according
to a validated model from assistant professor and poultry veterinarian Dr. M. G. R. Matthijs
(Utrecht University).
Disease morbidity, immune responses, and body weight losses after necrotic enteritis
and colibacillosis were measured to study the three aspects of resilience described previously
(resistance, tolerance, recovery). Necrotic enteritis and colibacillosis were chosen because
they are currently common intestinal and respiratory diseases in the broiler industry. Each
of the two diseases was induced at different ages post-hatch such that conclusions could be
drawn on general broiler resilience. Moreover, both an intestinal and a respiratory disease
were chosen to gain a broader insight into broiler resilience to various pathogens.
Findings from the three experiments are integrated and discussed in (Chapter 7),
whereafter conclusions and practical implications as well as opportunities for future studies
follow. Ultimately, insights from this thesis will result in optimization of perinatal conditions
in such a way that broiler resilience will be improved, subsequently enhancing broiler health
and welfare, improving financial gain, and reducing the need for antibiotics.

Figure 3. Graphical summary of the experiments that were conducted in this thesis including eggshell temperature
(EST) and post-hatch feeding strategy treatments and themes per chapter of this thesis.
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CHAPTER 2

ABSTRACT
During incubation, development of embryos is affected by eggshell temperature (EST).
A constant EST of 37.8°C has been considered so far to result in most optimal embryo
development. However, it can be hypothesized that a higher EST in wk 2 in combination with
a lower EST in wk 3 stimulates embryo development and subsequent grow out performance.
In this study, 468 eggs of a 44 wk old Ross 308 breeder flock were incubated at different
incubation temperature patterns in a 2 x 2 factorial arrangement. In wk 2, EST was either
37.8°C or 38.9°C and in wk 3, EST was either 37.8°C or 36.7°C. At hatch, chick quality was
determined. Thereafter, 320 broilers were grown in 32 pens (8 replicates / treatment) for 6
wk. Weekly BW and ADFI were determined and at d 40, slaughter yield from 128 broilers (4
per pen) was determined. Results showed that EST in wk 2 did not interact with EST in wk 3
for any variable. An EST of 38.9°C in wk 2 resulted in a 1 mm longer chick length (P<0.001)
and 0.4 millimol/L lower blood glucose level (P=0.04) at hatch than an EST of 37.8°C. Grow
out performance was not affected by EST in wk 2 of incubation. An EST of 36.7°C in wk 3
resulted in a 1 mm shorter chick length (P=0.02), 1.0 millimol/L higher blood glucose level
(P<0.001), and higher relative heart (P=0.01) and stomach weights (P=0.03) at hatch than an
EST of 37.8°C. Additionally, an EST of 36.7°C in wk 3 resulted in lower BW, ADG, and ADFI
upon slaughter age (all P<0.03) than an EST of 37.8°C. In conclusion, no interaction between
EST in wk 2 and 3 of incubation was found for any variable. A higher EST in wk 2 had minor
effects at hatching and during rearing, whereas a lower EST in wk 3 seemed to result in better
organ development, but resulted in lower grow out performance.
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Neonatal chick quality has been found to be related to later life performance (Fasenko
and O’Dea, 2008; van de Ven et al., 2012). One of the factors affecting embryonic development
and consequently neonatal chick quality is incubation temperature. Until now, a constant
eggshell temperature (EST, reflecting embryo temperature) of 37.8°C throughout incubation
is considered to result in the best embryo development and neonatal chick quality (Lourens
et al., 2005).
However, Nangsuay (2016) speculated that a higher EST than 37.8°C during the second
week of incubation might be beneficial for embryo development. It was shown that embryos
had a higher yolk free body mass (YFBM) at embryonic day (E)14 and E16 when EST was
raised to 38.9°C from E7 onwards compared to maintaining EST at 37.8°C continuously.
When this higher EST of 38.9°C was maintained after E16 until hatch, differences in YFBM
disappeared at E18 and at hatch YFBM was lower for chicks incubated at a higher EST
compared to the control EST of 37.8°C. When temperature is raised during incubation,
embryo metabolism increases as broiler embryos act mainly as poikilotherms (French, 1997),
suggesting that embryonic development will be stimulated with a higher EST than 37.8°C. For
the second week of incubation this might be true, but in the third week of incubation a higher
EST than 37.8°C has been shown to negatively affect neonatal chick quality and post hatch
performance (Romanoff, 1936; Lourens et al., 2005; Hulet et al., 2007; Leksrisompong et al.,
2007; Ipek et al., 2014; Maatjens et al., 2014b, 2016a;). Hatchlings incubated at an EST higher
than 37.8°C during late incubation showed a poorer quality, expressed by a shorter length,
more residual yolk (RY), worse navel score, and lower weights of various organs relative to
their YFBM. Moreover, a lower growth performance upon slaughter age has been found.
The cause of this impaired embryo development and neonatal chick quality might be
related to an imbalance between embryonic metabolic rate and oxygen availability in the
last part of incubation (Lourens et al., 2007). It has been shown that in the second week
of incubation, oxygen availability is not limited (Lourens et al., 2007), but at approximately
E14 embryo metabolic rate reaches its maximum increment (Nangsuay, 2016). With a higher
temperature and consequently higher metabolic rate, more oxygen is needed. However,
after E14, the amount of oxygen available to the embryo is limited by the conductance of
the eggshell and consequently an imbalance between metabolic rate and oxygen availability
seems to occur. To balance oxygen requirement and oxygen availability in wk 3 of incubation,
it can be suggested that after E14 a lower EST than 37.8°C might be more optimal. Maatjens
et al. (2016a, 2016b) demonstrated that an EST of 36.7°C or even 35.6°C from E15 onward
resulted in a higher YFBM and higher relative heart, intestine, liver, and bursa of Fabricius
weights of neonatal chicks than an EST of 37.8°C throughout incubation.
Based on the studies of Nangsuay et al. (2016) and Maatjens et al. (2016a, 2016b), it
can be hypothesized that a combination of a higher EST in wk 2 and a lower EST in wk 3
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of incubation may stimulate embryo development and chick quality at hatch compared to
a constant EST of 37.8°C throughout incubation. Studies investigating these different EST
patterns and the effects on post hatch performance are lacking. Therefore, the aim of this
study was to investigate effects of different EST patterns during incubation on neonatal chick
quality and growth performance of broilers.

MATERIAL AND METHODS
Experimental Design
The experiment was set up as a 2 x 2 factorial arrangement. All eggs (n=117 / treatment
group) were incubated at an EST of 37.8°C until E7. From E7 until E15, eggs were incubated
at an EST of either 37.8°C or an EST of 38.9°C. From E15 until hatch, eggs were incubated at
an EST of either 37.8°C or an EST of 36.7°C. The experimental protocol was approved by the
Governmental Commission on Animal Experiments, the Hague, the Netherlands; approval
number: 2016.W-0087.001.

Incubation
Eggs of a 44 wk old Ross 308 broiler breeder flock were stored for 2 d at a storage
temperature of 20°C at a commercial hatchery (Lagerwey BV, Lunteren, the Netherlands). Ten
egg trays with 150 eggs each were bulk-weighed to determine the average egg weight from this
batch of eggs. Thereafter, eggs were weighed individually and 468 first grade eggs within 3 g of
the average egg weight were selected and divided into three weight classes: 62.0 – 62.9 g, 63.0
– 63.9 g, 64.0 – 64.9 g (156 eggs / weight class). Eggs were transported for approximately 30
min to the animal research facility of Wageningen University (Wageningen, the Netherlands),
where eggs of each weight class were equally divided over the four treatment groups to exclude
potential effects of initial egg weight on chick quality variables (e.g. body weight).
Before the start of incubation, all eggs were placed in one incubator. Eggs were warmed
linearly in 14 h from storage temperature (20°C) to an EST of 37.8°C. The moment the eggs
reached an EST of 37.8°C was considered to be the start of incubation (E0) and this EST was
maintained until E7. The EST was monitored by 4 EST sensors (NTC Thermistors: type DC 95;
Thermometrics, Somerset, UK), which were placed at the equator of the eggshell of 4 individual
eggs, using silicone heat sink compound (Type 340; Dow Corning, Michigan, USA) and a small
piece of duct-tape (approx. 1.5 x 1.5 cm). Incubator air temperature was continuously adjusted,
based on the median temperature of the 4 EST sensors to maintain an EST of 37.8°C.
At E7, all eggs were candled and infertile eggs were removed. Thereafter, eggs of each
weight class were equally divided over 4 incubators (2 replicates / treatment group). Each
incubator had 4 EST sensors, which were attached to four individual eggs as described
above. EST in each incubator was determined continuously and incubator air temperature
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was adjusted automatically when necessary based on the median of the 4 EST sensors, as
described above. From E7 until E15, two incubators were maintained at an EST of 37.8°C,
whereas the other two incubators were maintained at an EST of 38.9°C.
At E15, all eggs were candled again and eggs containing a dead embryo were removed.
Eggs containing a viable embryo were redistributed over the same 4 incubators (2 replicates
/ treatment group). Two incubators were then maintained at an EST of 37.8°C, whereas the
other two incubators were maintained at an EST of 36.7°C. EST control in all incubators was
performed as described above.
At E18, all eggs were candled again and eggs containing a viable embryo were transferred
to hatching baskets and placed back in the same incubators. After 454 h of incubation
(E18h22), the incubator air temperatures were fixed at their current setting and EST was
allowed to change.
Throughout incubation, relative humidity was maintained between 50% and 65% and
CO2 levels were <3,500 ppm for all treatments. Eggs were turned every hour by an angle of
90° from the start of incubation until E18.

Hatch
From 468 h of incubation onwards (E19h12), every 6 h the four incubators were opened
to check whether chicks had hatched. Hatched chicks were marked with a permanent marker
on the head. Six hours later, these marked chicks were collected, feather sexed, and chick
quality was scored as described in the section ‘data collection’. Per treatment, every 8th chick
that hatched was decapitated and organs were sampled as described below. Remaining chicks
received a leg ring and were transferred to another incubator where they were housed in
hatcher baskets in which they had ad libitum access to feed and water. As a result, each chick
had access to feed and water within 12 h after emergence from the eggshell. In this incubator,
continuous light was provided and temperature and relative humidity were maintained at
33.2°C and 50%, respectively. All chicks remained in the incubator until the last chick had
hatched, which was at 519 h after the start of incubation (E21h15).

Grow-out
After all chicks had hatched, 40 male and 40 female first grade chicks per treatment
were transported to the grow-out facility, which was located in a neighbouring building at
20 m distance. Chicks were divided over 32 floor pens in 2 adjacent similar broiler houses (8
replicate pens per treatment). Within each house, pens were divided over 4 blocks and within
each block, treatments were randomly assigned. Each pen contained 5 male and 5 female
broilers and from each sex, one broiler hatched early in the hatch window, 3 broilers were mid
hatchers, and 1 broiler hatched late (defined as 12% / 76% / 12% of the total hatch window
for early, mid, and late hatchers, respectively). Pen size was 1 x 2 m and each pen contained
one Valènta feeding pan (VDL Agrotech, Eindhoven, the Netherlands), five drinking nipples
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with drip cups, and one perch. The floor was covered with 1 cm thick layer of wood shavings.
No extra wood shavings were added until slaughter age. Temperature and humidity were set
according to the Ross 308 management guide. The moment that chicks were placed in the
grow-out facility was regarded as d 1. The first three days after placement, 24 h of light was
provided and thereafter a lighting schedule of 16 h of light : 8 h of darkness. Starter pellet feed
(ME broiler = 2,850 kcal/kg, CP = 220 g/kg, digestible Lysine = 12.52 g/kg) with a diameter of
2.6 mm was provided from d 0 to d 10, grower pellet feed (ME broiler = 2,952 kcal/kg, CP =
209.7 g/kg, digestible Lysine = 11.81 g/kg) with a diameter of 3.2 mm was provided from d 10
to d 28, and finisher pellet feed (ME broiler = 2,999 kcal/kg, CP = 199.8 g/kg, digestible Lysine
= 11.14 g/kg) with a diameter of 3.2 mm was provided from d 28 until slaughter age. Diets
were made by Research Diet Services (RDS, Wijk bij Duurstede, the Netherlands) according
to the guidelines of the Federation Dutch Animal Feed chain (CVB, 2016). Both on d 41 and
on d 42, 64 broilers were slaughtered (16 broilers / treatment / day). Per pen, two male and
two female broilers were randomly selected from the mid hatchers, electrically stunned, and
decapitated. Broilers were not feed or water restricted prior to slaughter.

Data Collection
Each egg was weighed before the start of incubation and at transfer to the hatching baskets
(E18) to calculate egg weight loss. Clear eggs and eggs containing a dead embryo at candling at
E7, E15, and E18 were opened and scored for fertility or moment of mortality (Lourens et al.,
2006). Hatchability was calculated as the number of hatched chicks divided by the number of
eggs that contained a viable embryo at E7, right before treatments started. Hatch moment was
calculated as the number of hours from start of incubation to emergence from the eggshell.
Hatch window was calculated per treatment as the difference in hatch moment between the
first and last chick per treatment. Neonatal chick quality was evaluated by determining chick
weight, chick length from beak-tip to toe-tip, and navel quality score (Reijrink et al., 2009)
as 1 (completely closed and clean), 2 (discolored and opened to a maximum of 2 mm), and 3
(discolored and opened to more than 2 mm). Neonatal chicks were classified as 2nd grade chicks
if any abnormality (e.g. crossed beak, blindness, exposed brains, four legs, not incorporated
yolk) was observed. All other neonatal chicks were classified as 1st grade chicks.
For the neonatal chicks that were decapitated, blood glucose was determined immediately
after decapitation, using a blood glucose analyzer (Contour TS, Bayer AG, Leverkusen,
Germany). Thereafter, chicks were opened and RY, heart, liver, intestines, and stomach were
removed and weighed on a two-decimal scale. Stomach included the proventriculus, the
intermediate zone, the ventriculus (gizzard) and the pylorus. Bursa of Fabricius and spleen were
weighed on an analytical four-decimal scale (A200S, Sartorius GmbH, Göttingen, Germany).
The gizzard was opened and erosions were scored as 0 (no erosions), 1 (single erosion), 2 (2 or
3 erosions), 3 (>3 erosions). Erosions were defined as a dark discolouration of the koilin layer
(Gjevre et al., 2013). YBFM was calculated as neonatal chick weight minus RY weight.
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During grow out, all broilers (n=320) were weighed individually at placement, d 7, 14,
21, 28, 35, and 40. Feed intake was also determined per pen on those weighing days. Feed
conversion ratio (FCR) was calculated by dividing the amount of feed consumed by body
weight gain in that particular period. FCR over the total grow out period was corrected for
body weight at d 40 (FCRc) by adding body weight at d 40 as a covariate to the model (see
section statistics).
Temperature preference was determined at d1 and d7 for half of the pens. Two male
and two female broilers from the same pen were placed together in the middle of a wooden
box (160 x 60 x 50 cm) with a Plexiglas lid and wood shavings at the bottom and two infrared
lights (250 Watt) on one side of the box (creating a linear temperature gradient from 20 to
50°C). Twenty-four temperature sensors (Hobo UX100-011, Onset, Boune, United States)
were equally distributed in the box at broiler height, which continuously monitored the actual
temperature. Ten minutes after placement of the broilers in the box, the location of each
broiler was noted and the ambient temperature of each location was determined, based on
temperature of the sensor log data (protocol adapted from Walstra et al. (2010).
All broilers selected to be slaughtered (n=128) were weighed individually prior to
slaughter (d 41 or d 42). After stunning, cutting, and bleeding, the head was removed (cut
closest to upper cervical vertebra) and toes were removed (cut at tarsal joint) and thereafter
the carcass was manually skinned and eviscerated. Heart, liver, intestines (incl. intestinal
content), lungs, and stomach (incl. proventriculus, intermediate part, ventriculus, pylorus and
feed content) were weighed. Legs (cut at hip joint), wings (cut at shoulder joint), and breast
meat were removed and weighed (all without skin). The remaining carcass was weighed.
The carcass yield was calculated for the eviscerated carcass (legs + wings + breast meat +
remaining carcass) as a percentage of live body weight. The cut up yields and relative organ
weights were calculated as a percentage of the eviscerated carcass.

Statistical analyses
All data was analyzed using the statistical software package SAS (Version 9.4, SAS
institute 2010). The basic model used for all data was;
Yij = µ + ESTwk2i + ESTwk3j + ESTwk2 x ESTwk3ij + eij, 			

[1]

where Yij = the dependent variable, µ = the overall mean, ESTwk2i = EST in wk 2 (i=38.9
or 37.8°C), ESTwk3j = EST in wk 3 (j=37.8 or 36.7°C), ESTwk2 x ESTwk3ij = the interaction
between EST wk 2 and EST wk 3, and eij = the error term.
For all incubation variables, egg was considered the experimental unit and the egg tray
number in which the egg was positioned was added as a random factor. For neonatal chick
quality variables, hatch moment, and the temperature preference test, broiler was considered
the experimental unit and sex was added to the model as a fixed factor. For chick length and
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navel quality score, the person that scored the neonatal chick (3 individuals) was also added
to the model as a fixed factor.
For post hatch performance variables and slaughter variables, pen was considered the
experimental unit, the model described above was used, and block (1 to 8) was added as a
random factor. Preliminary analysis showed that adding hatch moment (averaged per pen)
to the model as a covariate had no significant effect for any performance variable, so it was
excluded from the model. BW, ADG, ADFI, and FCR (all averaged / pen) were analyzed both
per week and per total grow out period (d1 to 40) and FCRc was analyzed for the total grow
out period by adding body weight at d 40 as a covariate to the model.
All variables were analysed with the PROC MIXED procedure in SAS, using the model
described above, except for embryo mortality data, gizzard erosion score, and navel quality
score. Embryo mortality data was analysed with the PROC GLIMMIX procedure, using the
model described above, including a binomial log logit link function. Gizzard erosion score
and navel quality score were also analysed with the PROC GLIMMIX procedure, using the
model described above, including a multinomial log logit link function. In PROC MIXED
procedure the model assumptions were verified by inspection of residual plots. All data was
normal distributed, except for RY. RY was log-transformed and the LSMeans and the SEM
of the untransformed data was used and given in the results section, whilst the P-value of
the transformed data was given. Tukey adjustments for multiple comparisons were used to
compare least square means (LSMeans). P-values ≤ 0.05 were considered to be significant.

RESULTS
Incubation
No interaction between EST wk 2 and EST wk 3 was found (P≥0.52) for any of the
incubation variables, which includes egg weight loss, embryonic mortality (data not shown),
hatchability (described below), and hatch moment (Table 1). Duration of the hatch window
was 42 h for 37.8°C EST continuously, 36 h for 37.8 x 36.7°C EST for wk2 x wk3, respectively,
and 30 h for both 38.9 x 37.8°C EST and 38.9 x 36.7°C EST for wk2 x wk3, respectively.
A higher EST of 38.9°C in wk 2 resulted in a higher egg weight loss compared to a
constant EST of 37.8°C (10.3 vs 9.7 % ± 0.1 for 38.9°C and 37.8°C, respectively; P<0.001).
Hatch moment was on average 5 h earlier when EST in wk 2 was raised to 38.9°C compared
to a constant EST of 37.8°C (P<0.001; Table 1). EST in wk 2 had no effect on hatchability (95.7
vs 97.7 % ± 0.4 for 38.9°C and 37.8°C, respectively; P=0.32).
A lower EST of 36.7°C in wk 3 resulted in a 8 h later hatch moment (P<0.001; Table 1)
compared to an constant EST of 37.8°C, but it had no effect on egg weight loss (9.9 vs 10.1 %
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Table 1. Effect of two eggshell temperatures (EST; 37.8, 38.9°C) applied during wk 2 and two EST (36.7, 37.8°C) during wk 3 of incubation on hatch moment, neonatal chick
quality, and relative organ weights at the moment of hatch.
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± 0.1 for 36.7 and 37.8°C, respectively; P=0.17) and on hatchability (97.2 vs 96.5 % ± 0.4 for
37.8°C and 36.7°C, respectively; P=0.67).
Hatch moment was on average 3 h earlier for female than for male chicks (495 vs 498 h
± 0.4, respectively; P<0.001).

Chick quality at hatch
No interaction between EST wk 2 and EST wk 3 was found for any of the chick quality
variables at hatch (Table 1; P≥0.12). A higher EST of 38.9°C in wk 2 resulted in a 1 mm longer
chick length (P<0.001) and 0.4 millimole/L lower blood glucose level (P=0.04) compared to a
constant EST of 37.8°C. EST in wk 2 had no effect on BW, RY, YFBM, navel quality score, any
organ weights relative to YFBM, or gizzard erosions (P≥0.07).
A lower EST of 36.7°C in wk 3 resulted in a 1 mm shorter chick length (P=0.02), 1.0
millimole/L higher blood glucose level, 0.08% higher relative heart weight (P=0.008), and a
0.39% higher relative stomach weight (P=0.03) compared to a constant EST of 37.8°C. EST in
wk 3 had no effect on BW, RY, YFBM, navel quality score, relative liver, bursa, spleen, intestine
weight, and gizzard erosions (P≥0.06).
Chick length was longer for male (19.4 cm) than for female chicks (19.2 cm; ±0.03;
P=0.002). Navel quality score was higher (worse) for female (score 1.8) than for male chicks
(score 1.6; P=0.03). Gizzard erosion score was higher (worse) for male (score 2.6) than for
female chicks (score 1.6; P<0.001).

Temperature preference
Temperature preference of broilers at d1 and d7 did not show an interaction between
EST in wk 2 and EST in wk 3 and was also not affected by a main effect of EST in wk 2 or EST
in wk 3 (Table 2; P≥0.09). Temperature preference did not differ between male and female
broilers at d 1 (P=0.81; ± 0.6) or d 7 (P=0.81; ± 0.2).
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Table 2. Effect of two eggshell temperatures (EST; 37.8, 38.9°C) applied during wk 2 and two EST (36.7, 37.8°C)
during wk 3 of incubation on broiler temperature preference (°C) at d 1 and d 7 post hatch.
Item

n1

d1

d7

37.8°C

32

33.9

27.4

38.9°C

32

33.4
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0.6

0.2
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2
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32
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16
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32.7
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16

33.6

27.5

38.9 x 37.8°C

16

33.2

26.8

0.8

0.3

wk 2

0.53

0.32

wk 3

0.09

0.37

wk 2 x wk 3

0.26

0.09

SEM
P-value

1

Number of broilers, 50:50 sex ratio.

Broiler performance
No interaction between EST wk 2 and EST wk 3 was found for any of the performance
variables (P≥0.12), which includes BW, ADG, ADFI, FCR, and FCRc. A higher EST of 38.9°C
in wk 2 compared to a constant EST of 37.8°C resulted in a 3 g higher BW at d1 (Table 3;
P<0.001), but BW at later ages was not affected by EST in wk 2 (Table 3; P≥0.16). A higher
EST of 38.9°C in wk 2 compared to a constant EST of 37.8°C resulted in 3 g lower ADG in wk
5 (Table 4; P=0.05), but it had no effect on ADG at other ages (Table 4; P≥0.21). ADFI was not
affected at any age by EST in wk 2 (P≥0.14). A higher EST of 38.9°C in wk 2 compared to a
constant EST of 37.8°C resulted in a 0.06 lower (better) FCR in week 6 (Table 4; P=0.04), but
FCR was not affected at other ages (Table 4; P≥0.12). Over the total grow out period (d1 to
40), EST in wk 2 had no effect on ADG, ADFI, FCR, and FCRc (Table 4; P≥0.22).
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Table 3. Effect of two eggshell temperatures (EST; 37.8, 38.9°C) applied during wk 2 and two EST (36.7, 37.8°C)
during wk 3 of incubation on later life broiler body weight (g).
Item

n1

d1

d7

d 14

d 21

d 28

d 35

d 40

37.8°C

16

53b

188

513

1,034

1,706

2,507

3,086

38.9°C

16

56

190

511

1,042

1,707

2,486

3,053

0.3

2

4

8

13

18

24

EST wk 2

SEM

a

EST wk 3
36.7°C

16

53b

184b

501b

1,020b

1,677b

2,454b

3,023b

37.8°C

16

56

193

523

1,056

1,735

2,539

3,116a

0.3

2

4

8

13

18

24

SEM

a

a

a

a

a

a

EST wk 2 x EST wk 3
37.8 x 36.7°C

8

51

183

499

1,010

1,663

2,454

3,040

37.8 x 37.8°C

8

56

192

527

1,057

1,748

2,560

3,132

38.9 x 36.7°C

8

54

186

504

1,029

1,691

2,453

3,006

38.9 x 37.8°C

8

57

194

518

1,054

1,722

2,518

3,100

0.4

2

5

12

18

25

35

SEM
P-value
wk 2

<0.001

0.16

0.74

0.51

0.96

0.40

0.35

wk 3

<0.001

<0.001

<0.001

0.006

0.005

0.003

0.02

0.79

0.18

0.35

0.16

0.42

0.99

wk 2 x wk 3

0.15

Least squares means within a column and factor lacking a common superscript differ (P≤0.05).
Number of pens, each containing 10 broilers, 50:50 sex ratio.

a-b
1

A lower EST of 36.7°C in wk 3 compared to a constant EST of 37.8°C resulted in a lower
BW at all ages (Table 3; P≤0.02). A lower EST of 36.7°C in wk 3 compared to a constant
EST of 37.8°C resulted in a lower ADG during wk 1, wk 2, and wk 4 (Table 4; P≤0.03), but
comparable ADG in wk 3, wk 5, and wk 6 (Table 4; P≥0.09). ADFI was lower in wk 1 and wk
3 for a lower EST of 36.7°C in wk 3 compared to a constant EST of 37.8°C (Table 4; P<0.02),
but ADFI at other ages was not affected by EST in wk 3 (Table 4; P≥0.06). A lower EST of
36.7°C in wk 3 compared to a constant EST of 37.8°C resulted in a 0.02 lower (better) FCR in
wk 1 (Table 4; P=0.04), but in a higher (worse) FCR in wk 2 and wk 4 (Table 4; P≤0.03 ). In
wk 3, wk 5, and wk 6 FCR was not affected by EST wk 3 (Table 4; P≥0.20). Over the total grow
out period (d1 to 40), a lower EST of 36.7°C in wk 3 compared to a constant EST of 37.8°C
resulted in a 3 g lower ADG (Table 4; P=0.02) and a 3 g lower ADFI (Table 4; P=0.04), whereas
no effects were found for FCR and FCRc (Table 4; both P=0.94).

40

16

38.9°C

16

37.8°C

8

8

8

37.8 x 37.8°C

38.9 x 36.7°C

38.9 x 37.8°C

0.005

0.48

wk 2 x wk 3

0.19

0.007

0.79

0.55

0.10

0.21

1.2

77

75

76

73

0.9

76

74

0.9

76

74

3

week

0.08

0.03

0.45

1.2

95

95

99

93

0.9

97a

94b

0.9

95

96

4

ADG

0.92

0.09

0.05

1.9

112

109

116

113

1.5

114

111

1.5

0.62

0.21

0.79

2.8

117

112

115

113

2.1

116

112

2.1

0.95

0.02

0.30

0.9

78

76

79

77

0.7

79a

76b

0.6

77

114

111

78

114

total

b

6

114a

5

0.78

<0.001

0.21

0.3

25

24

25

24

0.2

25a

24b

0.2

25

24

1

0.42

0.15

0.34

0.8

59

58

60

58

0.6

59

58

0.6

58

59

2

0.68

0.02

0.73

1.7

101

97

101

96

1.2

101a

96b

1.2

99

98

3

1

a-b

4

0.14

0.34

0.66

1.9

145

146

149

144

1.4

147

145

1.4

146

146

week

ADFI

Least squares means within a column and factor lacking a common superscript differ (P≤0.05).
Number of pens, each containing 10 broilers, 50:50 sex ratio.
2
FCRcorrected for BW at d 40.

0.48

0.7

0.3

wk 3

47

46

48

45

0.5

47a

45b

0.5

46

46

2

23

22

23

22

0.2

23a

22b

0.2

22

22

1

wk 2

P-value

SEM

8

37.8 x 36.7°C

EST wk 2 x EST wk 3

SEM

16

36.7°C

EST wk 3

SEM

16

n

37.8°C

EST wk 2

Item

0.38

0.14

0.15

2.6

175

173

181

175

1.8

178

174

1.8

174

178

5

0.44

0.06

0.14

4.1

200

189

203

198

2.9

202

194

2.9

194

201

6

0.44

0.04

0.22

1.4

117

114

119

115

1.0

118a

115b

1.0

115

117

total

0.80

0.04

0.12

0.01

1.11

1.09

1.10

1.07

0.01

1.10a

1.08b

0.01

1.10

1.08

1

0.79

0.009

0.15

0.01

1.24

1.27

1.26

1.29

0.01

1.25b

1.28a

0.01

1.26

1.28

2

week

0.01

1.53

1.53

4

0.79

0.20

0.29

0.02

1.32

1.29

1.33

1.32

0.01

0.65

0.03

0.65

0.01

1.52

1.55

1.51

1.55

0.01

1.33 1.51b

1.30 1.55a

0.01

1.31

1.33

3

FCR

0.12

0.70

0.23

0.02

1.56

1.59

1.57

1.55

0.01

1.56

1.57

0.01

1.58

1.56

5

2

0.68

0.44

0.04

0.03

1.73

1.69

1.78

1.77

0.02

1.75

1.73

0.02

1.71

b

1.77a

6

0.12

0.94

0.52

0.01

1.50

1.51

1.51

1.50

0.01

1.51

1.51

0.01

1.50

1.51

0.13

0.94

0.50

0.01

1.50

1.51

1.52

1.50

0.01

1.51

1.51

0.01

1.50

1.51

total corr2

Table 4. Effect of two eggshell temperatures (EST; 37.8, 38.9°C) applied during wk 2 and two EST (36.7, 37.8°C) during wk 3 of incubation on ADG, ADFI, and feed conversion
ratio (FCR) of broilers per week and over the total grow out period (d 1 to 40).
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Slaughter
No interaction between EST wk 2 and EST wk 3 was found for any of the slaughter
variables (Table 5; P≥0.05). A higher EST of 38.9ºC in wk 2 resulted in higher relative stomach
weight compared to a constant EST of 37.8°C (Table 5; ∆=0.2%; P=0.009). EST in wk 2 had no
effect on carcass yield, cut up yields, or relative heart, liver, lungs, or intestines weight (Table
5; P≥0.09).
A lower EST of 36.7°C in wk 3 resulted in a lower relative breast meat yield compared
to a constant EST of 37.8°C (Table 5; ∆=0.7%; P=0.05). Relative intestine weight was higher
after a lower EST of 36.7°C in wk 3 compared to a constant EST of 37.8°C (Table 5; ∆=0.4%;
P=0.02).
Table 5. Effect of two eggshell temperatures (EST; 37.8, 38.9°C) applied during wk 2 and two EST (36.7, 37.8°C)
during wk 3 of incubation on broiler slaughter (d 41/d 42) variables.
Item

n1

Carcass
yield2

Breast3

Legs3

Wings3

Heart3

Liver3

Lungs3

Intestines3

Stomach3

37.8°C

16

65.8

38.8

29.6

8.6

0.7

3.2

0.5

7.9

1.7b

38.9°C

16

65.9

39.2

29.5

8.6

0.7

3.1

0.6

7.9

1.9a

0.3

0.3

0.2

0.2

0.01

0.04

0.03

0.1

0.04

1.8

EST wk 2

SEM
EST wk 3
36.7°C

16

65.5

38.6b

29.6

8.6

0.7

3.2

0.6

8.1a

37.8°C

16

66.2

39.3

29.5

8.6

0.7

3.2

0.6

7.7

1.8

0.3

0.3

0.2

0.2

0.01

0.04

0.03

0.1

0.04

SEM

a

b

EST wk 2 x wk 3
37.8 x 36.7°C

8

65.8

38.7

29.4

8.4

0.7

3.2

0.5

8.1

1.8

37.8 x 37.8°C

8

65.8

38.8

29.7

8.8

0.7

3.2

0.5

7.7

1.7

38.9 x 36.7°C

8

65.2

38.5

29.7

8.8

0.7

3.2

0.6

8.1

1.8

38.9 x 37.8°C

8

66.6

39.8

29.3

8.4

0.7

3.1

0.6

7.6

2.0

0.4

0.4

0.3

0.2

0.02

0.06

0.03

0.2

0.1

wk 2

0.80

0.21

0.71

0.95

0.76

0.34

0.09

0.79

0.009

wk 3

0.08

0.05

0.93

0.95

0.14

0.70

0.85

0.02

0.66

wk 2 x wk 3

0.08

0.08

0.23

0.04

0.37

0.99

0.55

0.85

0.09

SEM
P-values

4

Least squares means within a column and factor lacking a common superscript differ (P≤0.05).
Number of pens, each containing 10 broilers, 50:50 sex ratio.
2
% relative to live body weight.
3
% relative to carcass weight. Stomach includes proventriculus, intermediate part, pylorus, and ventriculus.
4
After Tukey adjustment no significant differences appeared.
a-b
1
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It was hypothesized that an incubation pattern consisting of a higher EST of 38.9°C in
the second week of incubation in combination with a lower EST of 36.7°C in the last week
of incubation would result in most optimal embryo development, neonatal chick quality,
and subsequent broiler performance during grow out compared to a constant EST of 37.8°C
throughout incubation. This study showed that this incubation temperature pattern had no
synergistic stimulating effect on neonatal chick quality or on broiler grow out performance
compared to a constant EST of 37.8°C in the second and third week of incubation, as there
was no interaction between EST in wk 2 and EST in wk 3 on any of the neonatal chick quality
and grow out variables.
Increasing the EST in wk 2 of incubation to 38.9°C compared to maintaining a constant
EST of 37.8°C affected embryo development. A smaller hatch window (12h) and earlier hatch
moment (5h) after a higher incubation temperature of 38.9°C EST in wk 2 compared to a
constant EST of 37.8°C suggests that embryo development was accelerated. On the one hand,
this accelerated embryo development seemed beneficial, because chick length at hatch was
1 mm longer when EST was increased in wk 2 of incubation. It is known that in wk 2 of
incubation ossification of the long leg bones occurs and that temperature has an effect on
ossification speed (Rommel et al., 2001; Mackie et al., 2008;). A faster ossification may have
resulted in longer bones and consequently a slightly longer chick. Studies have shown that
chick length at hatch is positively correlated to broiler BW at slaughter age (Wolanski et al.,
2004, Molenaar et al., 2008; Petek et al., 2010), although the relationship was not very strong
(max r = 0.60) and other studies did not confirm this (Willemsen et al., 2008). On the other
hand, this accelerated embryo development seemed to be accompanied with a lower blood
glucose level at hatch. Lower blood glucose levels at hatch might be explained by: 1) less
hepatic glycogen was available to the embryo to turn into blood glucose. Perhaps hepatic
glycogen storage by the embryo was impaired in wk 2 due to the higher EST. Studies showed
that a higher EST than 37.8°C resulted in lower hepatic glycogen stores (Willemsen et al.,
2010, Molenaar et al., 2011b, Maatjens et al., 2014a), but all these studies were performed
with a high temperature until the end of incubation or 2) more glucose was utilized by the
embryo, for instance during the hatching process. Blood glucose serves as the main source
for adenosine triphosphate (ATP) to provide energy (Freeman, 1965), especially between
external pipping and hatch, as this is an energy demanding process (De Oliveira et al., 2008).
The duration between external pipping and hatch may have taken longer for chicks incubated
at a higher EST of 38.9°C in wk 2, for instance because these chicks were slightly longer or
because egg weight loss during incubation was higher in this treatment group.
EST in wk 2 had no effect on broiler grow out performance or slaughter yield. A higher
EST of 38.9°C in wk 2 only increased broiler BW at d1, but this was most likely due to a
difference in hatching moment. Body weight and YFBM at hatch were similar between
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both groups, but after hatch all chicks had immediate access to feed and water and broilers
incubated at 38.9°C EST in wk 2 hatched on average 5h earlier and therefore had on average
5h longer between hatch and moment of weighing at d1 in which they could eat and grow.
Lowering the EST in wk 3 of incubation to 36.7°C compared to maintaining a constant
EST of 37.8°C was hypothesized to optimize the balance between metabolic rate and available
oxygen at embryo level (Nangsuay et al., 2016) and thereby improving nutrient oxidation
for embryonic development (Maatjens et al., 2016a, 2017). A lower EST of 36.7°C in the last
week of incubation resulted on the one hand in a higher relative heart and stomach weight
and higher blood glucose level at hatch, which suggest that oxygen availability and embryonic
development was indeed stimulated. On the other hand, a shorter chick length was found,
which may suggest that embryonic development was retarded. The higher blood glucose
level at hatch that was found might be explained by a lower metabolic rate that will probably
occur when EST is lowered in wk 3. A lower metabolic rate results in a lower demand for
oxygen and if the demand does not exceed the available amount of oxygen, which is limited
during late incubation due to eggshell conductance, the embryo will probably use mostly fat
as energy resource. In case oxygen availability is insufficient, for instance when metabolic rate
is increased, the embryo might also use glucose via glycolysis as an energy resource, which
is an anaerobic process. The higher relative heart and stomach weights that were found in
the current study when EST was lower in wk 3 might also be caused by an improved balance
between metabolic rate and available oxygen and thereby improved resources available for
development of these organs. This is supported by a study from Wineland et al. (2001) who
were the first to show that a lower incubation temperature during late incubation resulted in
a higher heart weight. Molenaar et al. (2011b) showed that increasing oxygen levels to 25%
from E7 to E19 of incubation resulted in a higher YFBM when EST was 38.9°C in that period,
but relative organ weights were not affected. This indicates that oxygen was available to the
embryo, but that organ development was not affected by a higher oxygen availability. Probably
the higher relative heart and stomach weights that were found in the current study were not the
result of a higher oxygen availability, but were the result of a difference in incubation duration.
The total incubation duration was 8 h longer for embryos in the lower EST treatment group
and therefore these embryos had 8 h more time within the egg to develop. As the maturation
of organs mainly takes place during late incubation, this prolonged incubation duration might
specifically have affected relative organ weights and for instance not the length of the chick.
The higher blood glucose level and the higher relative stomach weight and heart weight
that were found at hatch after a lower EST in wk 3 suggest that some parts of embryonic
development were stimulated after a lower EST in wk 3 compared to a constant EST of 37.8°C.
Some chick quality characteristics seemed improved and as a result a higher broiler grow out
performance would be expected. After all, a worse chick quality at hatch that was found after
a higher EST of 38.9°C in wk 3 was found to decrease performance upon slaughter age (Hulet
et al., 2007; Leksrisompong et al., 2007; Ipek et al., 2014; Maatjens et al., 2016b), so it can
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be speculated that a better chick quality at hatch that was found in the current study after a
lower EST of 36.7°C in wk 3 could improve performance upon slaughter age. For instance, the
higher blood glucose level at hatch indicates that more energy was available during the start
of life and the higher relative stomach weight could indicate an improved development of the
digestive tract. Furthermore, concerning the higher relative heart weight, it can be suggested
that during grow out with a high growth rate, a larger heart might improve provision of
oxygen and nutrients to the tissues and consequently broiler grow out performance might be
improved (Molenaar et al., 2011a; Sozcu and Ipek, 2015; Druyan et al., 2018;). However, grow
out performance at later ages showed opposite results. It seems that improved chick quality
characteristics at hatch after a lower EST in wk 3 are only short term. For instance, FCR was
improved in wk 1, but not at later ages for broilers incubated at a lower EST of 36.7°C in wk 3
compared to a constant EST of 37.8°C. Maybe the higher relative stomach and heart weight at
hatch after a lower EST in wk 3 of incubation were not the result of an 8 h longer incubation
duration and maturation of organs as stated before, but of a breakdown of organ muscles in
the constant EST treatment group. The breakdown of own body muscles is hypothesized to
be a short-term solution to gain glycogen via gluconeogenesis in anearobic circumstances
(Maatjens et al., 2017) and it is known that oxygen is limited in wk 3 of incubation. Muscle break
down during incubation was probably recovered quickly after hatch and probably therefore
the higher relative organ weights at hatch after a lower EST in wk 3 did not stimulate broiler
performance during grow out. In the current study, relative organ weights at slaughter age did
not differ anymore between incubation temperatures and Maatjens et al. (2016b) also found
that differences in relative heart weights that were found at hatch after different incubation
temperatures disappeared within 1 wk after hatching. Nevertheless, no indicators of fewer
muscle degradation were found in the blood of chicks at hatch that were incubated at lower
EST of 36.7°C during late incubation compared to a constant EST of 37.8°C, because levels of
lactate and uric acid were similar (Maatjens et al., 2017). Therefore muscle degradation seems
not very likely and it remains unknown why broiler performance during grow out was not
higher, whilst some chick quality characteristics at hatch were improved after a lower EST of
36.7°C in wk 3 compared to a constant EST of 37.8°C. It can be speculated that broilers prefer
different conditions in the growing house after different incubation temperatures, but this was
not illustrated in the temperature preference test of the current study.
A lower EST in wk 3 of 36.7°C negatively affected broiler grow out performance upon
slaughter age. Broiler BW was lower at all ages and ADG and ADFI were lower over the
total grow out period when EST in wk 3 of incubation was lowered to 36.7°C compared to
maintaining EST at 37.8°C. Most likely, grow out performance was lower, because the onset
of growth was delayed due to a longer incubation duration and thus a later moment of hatch
and a shorter timespan with access to exogenous feed and water in the 36.7°C EST treatment
group. Chicks from the 36.7°C EST in wk 3 treatment group hatched on average 8 h later
compared to chicks from the 37.8°C EST treatment. All broilers had access to ad libitum feed
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and water within 12 h after hatch and were placed in the growing houses at the same time point,
indicating that broilers incubated at an EST of 36.7°C had on average 8 h less to grow between
hatch and placement compared to broilers incubated at an EST of 37.8°C. This indeed could
have had an effect, as BW at hatch was similar for both EST wk 3 treatment groups, whilst it was
significantly lower at d 1 for the 36.7°C EST treatment group than for the 37.8°C EST treatment
group. Moreover, extrapolation of BW data also suggests that onset of growth was delayed after
incubation at 36.7°C EST in wk 3, without affecting growth competence. Fitting a polynomial
curve to the body weight data of the 36.7°C EST treatment (R2>0.99) and extrapolating it to 40 d
and 8 h (40.333 days) results in a predicted BW of 3,105 g. This only differs 11 g from the actual
average BW of the constant 37.8°C EST treatment (3,116 g). Additionally, not only the average
incubation time differed between the 36.7°C EST treatment in wk 3 and the constant 37.8°C
EST treatment in wk 3, but also the duration of the hatch window. The hatch window of the
constant 37.8°C EST treatment was 42 h, whilst the hatch window of the 36.7°C EST treatment
was only 30 h. As a result, some broilers from the constant 37.8°C EST treatment, especially the
early hatchers, were even more ahead in growth than the average 8 h compared to broilers from
to the 36.7°C EST treatment. Besides, FCR over the total grow out period and slaughter yields
were not different between broilers incubated at a lower EST of 36.7°C EST in wk 3 and broilers
incubated at a constant EST of 37.8°C, which suggests that growth efficiency was not affected
and that a delayed onset of growth was more likely to be the explanation in growth performance
differences between EST in wk 3.
In conclusion, the hypothesis that a higher EST of 38.9°C in wk 2 of incubation in
combination with a lower EST of 36.7°C EST in wk 3 of incubation would stimulate embryo
development and grow out performance compared to a constant EST of 37.8°C could not be
accepted. EST in wk 2 did not interact with EST in wk 3 for any of the neonatal chick quality
or grow out variables. A higher EST of 38.9°C in wk 2 compared to a constant EST of 37.8°C
had little effect on neonatal chick quality and grow out performance was not affected. A lower
EST 36.7°C in wk 3 compared to incubation at a constant EST of 37.8°C seemed to stimulate
neonatal chick quality in terms of some relative organ weights, but grow out performance was
not higher. Thus, so far there is no good reason to deviate from the standard of incubating
eggs at a constant EST of 37.8°C throughout incubation.
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ABSTRACT
Eggshell temperature (EST) during incubation greatly affects embryo development,
chick quality at hatch, and subsequently various broiler physiological systems. Until now, a
constant EST of 37.8°C seems optimal. Data on effects of EST patterns on immune organ
development and subsequent broiler immune response are, however, scarce. A higher EST of
38.9°C in week 2 and/or a lower EST of 36.7°C in week 3 of incubation potentially positively
affect embryo immune organ development and broiler immune response post hatch. Broiler
eggs (n=468) were incubated at 4 different EST patterns (n=117 eggs / treatment) from week
2 of incubation onwards. EST week 1 (embryonic age (E)0 < E7) was 37.8°C for all eggs.
EST week 2 (E7 < E14) was either 37.8°C (Control) or 38.9°C (Higher) and EST week 3
(E14 - hatch) was either Control or 36.7°C (Lower). At hatch, histology of bursal follicles
and jejunum villi and crypts were determined as well as heterophil to lymphocyte ratio (H:L)
(n=49). Post hatch, both sexes were grown in 8 pens/treatment for 6 weeks (n=320). Natural
antibodies (NAb) were determined at day 14, 22, and slaughter (day 41 or 42) as an indicator of
immunocompetence and response to a Newcastle disease (NCD) vaccination was determined
by antibody levels at day 22 and slaughter (n=128). Results showed no interaction EST week
2 x EST week 3, except for jejunum histology. Higher EST in week 2 resulted in lower cell
density within bursal follicles (P=0.02) and a tendency for lower H:L (P=0.07) at hatch and
higher NCD titres at slaughter (P=0.02) than Control EST. Lower EST in week 3 resulted at
hatch in higher cell density within bursal follicles, higher H:L (both P<0.05) and a tendency
for a higher post hatch mortality rate than Control EST (P=0.10). In conclusion, Higher EST
in week 2 during incubation may benefit embryonic immune organ development and posthatch broiler immunocompetence, whilst Lower EST in week 3 showed opposite indications.
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Infectious diseases in broiler husbandry impair broiler health and welfare and cause
major economic losses (Jones et al., 2019). Currently, medicines are frequently used to prevent
or cure infectious diseases. However, the use of medicines brings costs and comes with the
risk of antimicrobial resistance (AMR), which is an increasing worldwide threat to animal
and human health (ECDC, 2018). Thus, other strategies rather than the usage of medicines
are needed in reducing the incidence of infectious diseases in broiler husbandry.
A well-functioning immune system is essential for broilers to counteract infectious
diseases. A promising strategy to enhance a broiler’s immunocompetence is by stimulating
their immune system already during embryonic development. Embryo development is
mainly affected by embryo temperature. Embryo temperature is accurately (±0.2°C) reflected
by eggshell temperature (EST) during incubation (French, 1997). It has been shown that EST
has pronounced effects on embryo body weight, yolk uptake, and development of organs, such
as the heart and liver (Lourens et al., 2007; Molenaar et al., 2010; Maatjens et al., 2014; Van
der Pol et al., 2014; Nangsuay et al., 2017). Moreover, studies showed that EST can also affect
development of primary immune organs. For instance, histology of the bursa, gastro intestinal
tract, spleen, and thymus at hatch were affected by high (38.1-39.0°C) incubator temperatures
(Oznurlu et al., 2010; Liu et al., 2013; Leandro et al., 2017). Therefore, adjustments in EST
patterns can potentially improve embryo immune organ development. We hypothesize
that improved embryo immune organ development, due to an optimized EST pattern, will
affect later life immune functionality. Broilers might, for instance, have a higher production
and proliferation of B-cells from their bursa to the peripheral blood. Additionally, invading
pathogens can be detected more rapidly by lymphocytes and a rapid onset of phagocytosis
and antibody production might occur. Consequently, deleterious effects of infectious diseases
on broiler health and performance will be smaller without medical interference, due to quick
and sufficient responses of the broiler’s immune system.
Studies showed that in some avian species incubation temperature can indeed affect
immune response in later life. For instance, in Peking ducks, wood ducks, tree swallows, or
quail, incubation temperature manipulations affected humoral or cellular immune response
up to 55 days post hatch (Ardia et al., 2010; DuRant et al., 2012; Liu et al., 2013; Burrows et
al., 2019; Shanmugasundaram et al., 2019). For chickens, and especially for broilers, studies
on the effect of incubation temperature on immune response in later life are limited and
results are inconsistent. Santin et al. (2013) concluded that broiler immune response post
hatch was not affected by incubation temperature. In this study, broilers were incubated at
a constant incubator temperature of 37.8°C or at 1°C higher or lower from the 14th day of
incubation onwards. No difference in antibody titers against Newcastle disease virus (NCD)
or infectious bursal disease at day 14 or day 35 post hatch were found. Rajkumar et al. (2015)
also concluded that broiler immune responses post hatch was not affected by incubation
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temperature. In their study, broilers were incubated at a constant incubator temperature of
37.8°C or at a 2°C higher incubator temperature during 3 h at day 16, 17, and 18 of incubation.
At day 42 post hatch no differences in NCD antibody titres or swelling reaction in the wattle
to Phytohaemagglutinin-P injection were found. Increasing incubator temperature by 1°C
from day 10 of incubation onwards compared to a constant incubator temperature of 37.8°C
was found to increase mucin expression and reduce colonization of Salmonella Enteritidis
in the cecal content of 10 day old broilers when inoculated with Salmonella Enteritidis at 2
days post hatch (De Barros Moreira Filho et al., 2005). Somewhat contradictory, the same
thermal manipulation treatment by Oznurlu et al. (2010) resulted in lower ACP-ase positive
peripheral blood lymphocytes percentage and a higher ratio of heterophils to lymphocytes in
broiler chicks at 7 days post hatch.
It appears that incubation temperature can affect broiler immune response in later life,
but the EST pattern that result in optimal immune response has probably not been found yet.
All studies mentioned in the previous paragraph adjusted incubation temperature treatments
based on incubator temperature and not on EST. Incubator temperature differs from EST and
this difference varies between incubator systems due to a difference in capacity to transfer
embryonic heat from the egg to the surrounding air (Meijerhof and Van Beek, 1993; Lourens
et al., 2005, 2006). This may explain some of the differences found between previous studies.
A constant EST of 37.8°C throughout incubation is considered optimal for chick quality
at hatch in terms of body length and yolk free body mass (Lourens et al., 2005). However,
recently it was shown that a higher EST of 38.9°C during week 2 of incubation compared to a
constant EST of 37.8°C improved embryonic growth rate (Nangsuay et al., 2016) and resulted
in a longer chick length at hatch (Wijnen et al., 2020) and improved tibia bone characteristics
at slaughter age (Güz et al., 2020). Besides, a lower EST of 36.7°C during week 3 of incubation
compared to a constant EST of 37.8°C was shown to result in a higher yolk-free body mass
and higher relative weights of the heart, liver, stomach, intestines, spleen (tendency), and
bursa (Maatjens et al., 2016a, b; Wijnen et al., 2020). These results suggest that a higher EST of
38.9°C during week 2 in combination with a lower EST of 36.7°C during week 3 of incubation
may also affect embryo immune organ development and consequently post-hatch immune
response, but this was not studied. Therefore, the aim of the current study was to investigate
whether a higher EST in week 2 and/or a lower EST in week 3 of incubation affect primary
immune organ development and post-hatch immune response in broilers.

MATERIAL AND METHODS
Experimental Design
Eggs were incubated in a 2 x 2 factorial arrangement at 37.8°C EST (Control) or at 38.9°C
EST (Higher) during week 2 of incubation and at Control EST or 36.7°C EST (Lower) during
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week 3 of incubation (n=117 eggs / treatment). The experimental protocol was approved
by the Governmental Commission on Animal Experiments, the Hague, the Netherlands;
approval number: 2016.W-0087.001. For further details about material and methods, please
review Wijnen et al. (2020).

Eggs (n=468) within a 3 gram weight range from the average egg weight (63.5 gram) of
a 44 week old Ross 308 broiler breeder flock were used. Before the start of incubation, eggs
were divided over 8 setter trays (58 or 59 eggs / tray) and warmed linearly in 14 h from storage
temperature (20°C) to an EST of 37.8°C. The moment the eggs reached an EST of 37.8°C was
considered to be the start of incubation (E0). During week 1 of incubation (E0 up to and
including E6), all eggs were incubated in the same incubator at an EST of 37.8°C. During
week 2 of incubation (E7 up to and including E13), egg trays were equally divided over 4
incubators (Figure 1). During week 3 of incubation (E8 up to and including hatch), each egg
tray was divided over 2 new trays (29 or 30 eggs / tray) and trays were again mixed over 4
incubators according to their treatment (Figure 1). Air temperature within each incubator
was continuously adjusted automatically based on the median EST of 4 EST sensors (dry
bulb) per incubator (climate respiration chamber type – details provided by Heetkamp et al.
(2015). Throughout the incubation period, relative humidity was maintained between 50%
and 65% and CO2 levels were <3,500 ppm. Eggs were turned 90° every hour from the start of
incubation until embryonic day (E) 18.

Week 1

Week 2

Week 3

Week 1

EST (°C)

Week 2

Week 3

Traynumber

Incubator A

37.8

37.8

36.7

1 to 8

1&3

3.1 & 4.1 & 7.1 & 8.1

Incubator B

empty

38.9

37.8

empty

5&7

1.1 & 2.1 & 5.1 & 6.1

Incubator C

empty

38.9

37.8

empty

6&8

1.2 & 2.2 & 5.2 & 6.2

Incubator D

empty

37.8

36.7

empty

2&4

3.2 & 4.2 & 7.2 & 8.2

Figure 1. Schematic overview of treatment (eggshell temperature; EST) and eggtrays allocation over 4 different
incubators (A to D) during 3 weeks of incubation.

Hatch
From E19 h12 onward (468 h of incubation), each incubator was opened every 6 hours
to mark newly hatched chicks. Six hours after a chick was marked it was collected from the
incubator, feather sexed, and classified either as second-grade chick if any abnormality was
observed (e.g., crossed beak, blindness, exposed brains, 4 legs, exposed yolk) or as firstgrade chick (all remaining chicks). Every 8th first-grade chick that hatched per treatment was
decapitated and dissected. This resulted in dissection of 12 chicks per treatment. All remaining
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first-grade chicks (n=337) were provided immediately with feed and water (within 12 hours
after hatch) and 40 chicks of each sex per treatment were selected for the grow-out period. For
details about exact hatch moments, please review Wijnen et al. (2020).

Grow-out
Broilers were divided over 2 adjacent houses in 32 floor pens (8 replicate pens /
treatment). Within each house, pens were allocated over 4 blocks. Within each block, all 4
treatments were randomly assigned. Each pen contained 5 male and 5 female broilers. Broilers
were grown for 6 weeks. They were vaccinated against infectious bronchitis at day 1 (Nobilis
MA5) and against NCD at day 15 (inactivated Nobilis Newcavac 1000d).

Data Collection
Organ development
From the dissection chicks at hatch (12 chicks / treatment), the entire bursa was collected
as well as approximately 1.5 cm of the first part of the jejunum (right after the distal part of
the duodenum). A Swiss roll was made from the jejunum as described by Molenbeek and
Ruitenberg (1981). The bursa and intestine samples were fixated in 4% formaldehyde in PBS
for 2 days and thereafter they were stored in 70% ethanol until processing (approx. 12 months
after hatch). At processing, they were put in paraffin, sliced (jejunum 3 µm and bursa 7 µm)
and mounted on a glass microscope slide. Slides were hematoxylin and eosin (HE) stained.
One slide per bursa was examined under the microscope (Olympus BX41) for fold and
follicle appearance. The longest intact fold inside the bursa slice was photographed with a
microscope camera (MC500-W 3rd gen.) on a 4x magnification (Figure 2A). The number of
follicles inside this fold was counted with the use of Clip Studio Paint (Version 1.6.2, Figure
2A). Follicles that were damaged (e.g. cut in half, cell leakage, etc.) were not included. If the
fold had a side branch in addition to the main branch (Figure 2B), both the main branch and
the side branch were included. Occurrence of a side branch was equal for all treatments and
seen in 16% of the slices. Thereafter, 10 individual follicles were selected randomly from each
fold. These 10 follicles were photographed with a 10x magnification and analysed. Length and
width were measured using the standard straight line tool (Clip Studio Paint, version 1.6.2;
Figure 2C). Additionally, circumference was determined by creating a custom ruler to draw a
continuous line around the follicles and measuring the length of the line (Figure 2C). Finally,
follicle area and cell density within each follicle were determined by converting the follicle
into a black and white image (Paint.Net; Figure 2D). To determine the area, all pixels within
the circumference were counted. To determine the cell density (%), the number of black
pixels were counted and divided by the total number of pixels. For all follicle characteristics,
the average of the 10 follicles was calculated and these averages were used for the statistical
analysis.
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D
D
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Figure 2. Bursa of Fabricius appearance of broiler chicks at hatch. Follicles within 1 fold were counted (A; n=96 in
this example). Side branches were included (B). Follicle length, width, and circumference was measured (C; example
2 follicles). Cell density within follicles was determined by converting the image to black pixels and counting no. of
black pixels (D).
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Photomicrographs of 1 slide per jejunum sample were analysed on a microscope (Leica
DM3000 LED) for villi and crypt appearance and histopathology, using Leica LAS V4.8
software. From each slide, 10 representative villi and associated crypts were randomly chosen.
Villi lengths were measured as the distance (in µm) from the villus tip to the villus-crypt
junction. Crypt depths were measured as the distance (in µm) from the base of the crypt
to the villus-crypt junction (Uni et al., 1995). The averages of these 10 villi and crypts were
calculated and these averages were used in statistical analysis. Histopathological examination
was performed by a veterinarian and the absence or presence was scored of villi fusion,
mucosal lymphocyte/plasma cell infiltration, mucosal heterophil infiltration, and enterocyte
damage. For each variable, a score 0 was noted in case of absence and 1 in case of presence. All
different pathologies were assumed equally bad and therefore they were summed to calculate
a total histopathology score per slide, ending up in a score of minimum 0 and maximum 4.

H:L ratio
From the dissection chicks at hatch, 1 droplet of blood was collected after decapitation
(mixture artery and vein) and a blood smear was made on a microscope slide. A MayGrünwald-Giemsma coloring was applied and smears were stored at room temperature until
they were analyzed by light microscopy. A total of 100 true whole leukocytes (incl. heterophils,
lymphocytes, monocytes, basophils, and eosinophils but excl. erythrocytes and thrombocytes)
were counted on each slide and the heterophil to lymphocyte ratio (H:L) was calculated.

Newcastle Disease vaccination response
Antibody response to an inactivated NCD vaccine was determined as a measure of the
acquired B-cell reactivity. From the dissection chicks at hatch, blood was collected at hatch
via decapitation (mixture of arterial and venous blood). Additionally, from 128 randomly
chosen broilers (2 males and 2 females / pen), blood was collected twice; once at 7 days post
vaccination (day 22) via the wing vein and once at slaughter via decapitation (mixture arterial
and venous blood). Slaughter was either on day 41 or on day 42. Each day, 1 male and 1 female
broiler per pen were slaughtered (total of 32 broilers / treatment). Blood was collected in
natrium heparinized tubes (Vacuette 4 ml FX, Greiner Bio-One), stored on ice, and plasma
was collected after centrifugation at 2,000 x g for 10 minutes. Plasma was stored at -20°C until
samples were analyzed for antibody titers for NCD with an ELISA kit (06-01096-15 IDEXX,
Hoofddorp, the Netherlands). Briefly, in 96-well plates coated with NCD antigen the diluted
plasma samples were dispensed as well as negative control serum (diluted chicken serum nonreactive to NDV preserved with sodium azide) and positive control serum (diluted chicken
anti NCD serum). Well-plates were incubated for 30 minutes at 20°C, washed with deionized
water, and goat anti chicken conjugate (HRPO preserved with gentamicin and proclin) was
added. Plates were incubated again for 30 minutes at 20°C, washed, and TMB substrate was
added. Plates were incubated for 15 minutes at 15°C at 20°C and stop solution was added.
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Natural antibodies
At day 14, 22, and at slaughter (day 41 or 42) blood samples were taken and treated
as described above. Plasma samples were analyzed for the level of natural antibodies (NAb)
through the amount of immunoglobulin binding to keyhole limpet hemocyanin (KLH) as
described for layer chickens by Berghof et al. (2015).

3

Mortality
Broilers that died were noted daily and mortality rates were calculated per pen relative to
the number of broilers at placement. Four broilers were culled for human reasons (e.g. poor
gait) and were excluded from the analysis.

Statistical analyses
All data was analyzed using the statistical software package SAS (Version 9.4, SAS
institute, 2010). The variables determined in hatchlings were analysed using general linear
model 1 (Proc Mixed – 3-way ANOVA):
Yijk = µ + ESTwk2i + ESTwk3j + ESTwk2 x ESTwk3ij + sexk + eijk, 		

[1]

where Yijk = the dependent variable, µ = the overall mean, ESTwk2i = EST in wk 2 (i=38.9
or 37.8°C), ESTwk3j = EST in wk 3 (j=37.8 or 36.7°C), ESTwk2 x ESTwk3ij = the interaction
between EST wk 2 and EST wk 3, sex = sex (k = male or female), and eijk = the error term.
Preliminary statistical analysis did not show significant effects of sex x ESTwk2 or sex x
ESTwk3 or sex x ESTwk2 x ESTwk3 for any of the variables (P≥0.07). Therefore, interactions
between sex and EST were excluded from the final model.
The hatchling was used as the experimental unit for all hatchling variables. For post
hatch variables, pen was used as the experimental unit. For mortality, model 1 was used,
but without sex. For NCD vaccination response and natural antibodies, measurements were
performed on individual broilers, but analyzed on pen basis, by extending model 1 with pen (1
to 32) nested within block (1 to 8) as a random factor. NAb titers were measured at 3 moments
for the same broiler (day 14, 22, slaughter) and broiler was considered to be the repeated
subject. Model 1 was extended with day and the interactions between day and ESTwk2, day
and ESTwk3, day and sex. A compound symmetry covariance structure was assumed.
Model assumptions were verified by inspection of residual plots. All data was distributed
normally. Tukey adjustments for multiple comparisons were used to compare least square
means (LSMeans).
Histopathology score (0 – 4) of the intestines was analysed with a generalized linear
model (Proc Glimmix), using model 1 and a multinomial cumulative logit link function.
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RESULTS
Bursa of Fabricius
No interaction between EST week 2 and EST week 3 was found (P≥0.10) for any of
the bursa characteristics (Table 1). Higher EST in week 2 resulted in a 7% lower cell density
within the bursal follicles compared to Control (P=0.024). Lower EST in week 3 resulted in
an 8% higher cell density within the bursal follicles compared to Control (P=0.007). Bursa
characteristics did not differ between sexes (P≥0.37; data not shown).
Table 1. Effect of a higher eggshell temperature (EST) of 38.9°C during week 2 of incubation (Higher) and/or a lower
EST of 36.7°C during week 3 of incubation (Lower) compared to a control EST of 37.8°C (Control) on histological
characteristics of follicles within the Bursa of Fabricius and histology of the jejunum of broiler chicks at hatch.
Treatment

Follicles/ Length12
fold1
(px)
(no.)

Bursa follicles
Width12 Circumference12
(px)
(px)

Area12
(px)

Jejunum
Cell
Villi
Crypt
Density12 length3 depth3
(%)
(µm)
(µm)

EST week 2
Control

70

565

412

1,667

186,238

46a

223

97

Higher

76

569

395

1,589

183,912

39b

235

92

SEM

5

20

14

53

11,869

2

6

2

Lower

69

566

389

1,572

176,244

47a

225

91

Control

77

568

418

1,684

193,905

39b

233

97

SEM

5

20

14

53

11,877

2

6

2

Control x Lower

65

561

381

1,552

167,496

49

207b

90b

Control x Control

76

569

444

1,782

204,980

43

239a

104a

Higher x Lower

74

571

398

1,592

184,993

45

a

242

93b

Higher x Control

77

567

393

1,585

182,830

34

227ab

91b

SEM

7

28

20

74

16,751

3

9

3

week 2

0.45

0.88

0.40

0.29

0.89

0.024

0.21

0.14

week 3

0.34

0.93

0.15

0.14

0.29

0.007

0.39

0.07

week 2 x week 3

0.59

0.84

0.10

0.12

0.25

0.44

0.016

0.016

EST week 3

EST week 2 x week 3

P-value

n=12, n=11, n=12, n=11 for treatments Control x Lower, Control x Control, Higher x Lower, Higher x Control,
respectively.
2
Averaged per 10 follicles. Cell density = the % of area within a follicle that is covered with cells.
3
Averaged per 10 villi or crypt. n=13, n=12, n=11, n=12 for treatments Control x Lower, Control x Control, Higher
x Lower, Higher x Control, respectively.
a-b
Least squares means within a column and factor lacking a common superscript differ (P≤0.05).
1
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An interaction was found between EST week 2 and EST week 3 for both villi length
and crypt depth (both P=0.016; Table 1). In the Control x Lower EST group villi length was
approximately 16% shorter (∆=32 µm; P=0.016) and crypt depth approximately 16% shallower
(∆=14 µm; P=0.016) compared to the other three EST treatment groups. Villi length or crypt
depth did not differ between sexes (P≥0.19; data not shown). Histopathology score did not differ
between treatments (P≥0.24, data not shown) or between sexes (P=0.86; data not shown).

H:L ratio
No interaction between EST week 2 and EST week 3 was found (P≥0.30) for the number
of heterophils or lymphocytes or H:L ratio at hatch (Table 2). Higher EST in week 2 did
not affect the number of heterophils or lymphocytes (P>0.11), but it tended to decrease the
H:L ratio by 33 % compared to Control (∆=2.1 ratio; P=0.07). Lower EST in week 3 resulted
in 10% fewer lymphocytes (∆=10 cells, P=0.01), 7 % more heterophils (∆=9 cells, P=0.02),
and a 38% higher H:L ratio (∆=2.5 ratio, P=0.04) compared to Control. Levels and ratio of
heterophil or lymphocytes did not differ between sexes (P≥0.30).
Table 2. Effect of a higher eggshell temperature (EST) of 38.9°C during week 2 of incubation (Higher) and/or a lower
EST of 36.7°C during week 3 of incubation (Lower) compared to a control EST of 37.8°C (Control) on heterophil
and lymphocyte occurrence in blood of broiler chicks at hatch.
n

Lymphocytes
(no./100 cells)

Control

14

16

81

6.4

Higher

11

22

76

4.3

2

3

0.8

Treatment

Heterophils
(no./100 cells)

H:L ratio

EST week 2

SEM
EST week 3
Lower

9

14b

83a

6.6a

Control

16

24

74

4.1b

2

3

0.8

SEM

a

b

EST week 2 x week 3
Control x Lower

5

12

86

8.3

Control x Control

9

21

76

4.6

Higher x Lower

4

17

81

4.9

Higher x Control

7

27

71

3.6

3

4

1.1

week 2

0.11

0.14

0.07

week 3

0.010

0.012

0.036

week 2 x week 3

0.86

0.96

0.30

SEM
P-value

Least squares means within a column and factor lacking a common superscript differ (P≤0.05).
Abbreviation: H:L, heterophil to lymphocyte ratio.
a-b
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NCD vaccination response
No interaction between EST week 2 and EST week 3 was found for NCD titer before
vaccination (hatch), at 7 days post vaccination (day 22), and at 27 days post vaccination (Table
3; P≥0.58). Higher EST in week 2 had no effect on NCD titer before vaccination and at 7
days post vaccination (P≥0.38), but the 27 days post vaccination (at slaughter) NCD titer was
higher compared to Control (∆=0.2 log10titre; P=0.02). Lower EST in week 3 had no effect
on NCD titer before vaccination and at 7 days post vaccination (P≥0.15), but the 27 days
post vaccination (at slaughter) NCD titer tended to be higher compared to Control (∆=0.1
log10titre; P=0.08). Females had higher NCD titers at slaughter age compared to males (2.9
vs 2.6 log10titer for females and males respectively; P=0.02). At hatch and at 7 days post
vaccination NCD titer did not differ between sexes (P≥0.28; data not shown).
Table 3. Effect of a higher eggshell temperature (EST) of 38.9°C during week 2 of incubation (Higher) and/or a
lower EST of 36.7°C during week 3 of incubation (Lower) compared to a control EST of 37.8°C (Control) and sex
on Newcastle disease (NCD) titer of broilers at hatch, at day 22 (7 days post NCD vaccination), and slaughter age
(day 41 or 42).
Hatch1
(log10titer)

NCD titer
Day 222
(log10titer)

Slaughter2
(log10titer)

Control

3.2

1.5

2.6b

Higher

3.1

1.7

2.8a

SEM

0.1

0.1

0.1

3.0

1.5

2.8

Control

3.2

1.7

2.7

SEM

0.1

0.1

0.1

3.0

1.4

2.7

Control x Control

3.3

1.6

2.6

Higher x Lower

3.0

1.6

2.8

Higher x Control

3.1

1.7

2.8

0.1

0.2

0.1

week 2

0.38

0.41

0.02

week 3

0.15

0.50

0.08

week 2 x week 3

0.58

0.79

0.82

sex

0.28

0.60

0.02

Treatment
EST week 2

EST week 3
Lower

EST week 2 x week 3
Control x Lower

SEM
P-value

n=13, 12, 12, 12 for treatments Control x Lower, Control x Control, Higher x Lower, Higher x Control respectively
2
n = 16 / treatment
1
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Table 4. Effect of a higher eggshell temperature (EST) of 38.9°C during week 2 of incubation (Higher) and/or a
lower EST of 36.7°C during week 3 of incubation (Lower) compared to a control EST of 37.8°C (Control) and sex
on natural antibodies (NAb) titer against keyhole limpet hemocyanin of broilers at hatch, day 14, 22, and slaughter
age (day 41 or 42).
NAb titer
Hatch1

Day 142

Day 222

Slaughter2

Control

9.2

3.5

2.3

2.4

Higher

9.6

3.6

2.2

2.5

SEM

0.5

0.2

0.2

0.2

Lower

9.0

3.4

2.2

2.4

Control

9.8

3.7

2.4

2.4

SEM

0.5

0.2

0.2

0.2

Control x Lower

8.7

3.4

2.3

2.4

Control x Control

9.7

3.6

2.4

2.3

Higher x Lower

9.3

3.5

2.2

2.5

Higher x Control

10.0

3.7

2.3

2.5

SEM

0.7

0.2

0.2

0.2

Treatment

3

EST week 2

EST week 3

EST week 2 x week 3

P-value
week 2

0.54

0.74

week 3

0.24

0.38

week 2 x week 3

0.87

0.93

sex

0.70

0.76

week 2 x day

n.a.

0.80

week 3 x day

n.a.

0.74

week 2 x week 3 x day

n.a.

0.97

day

n.a.

<0.001

sex x day

n.a.

0.08

 =13, 12, 12, 12 chicks for treatments Control x Lower, Control x Control, Higher x Lower, Higher x Control
n
respectively
2
n=16 pens / treatment
1

Natural antibodies
NAb binding KLH at hatch, day 14, day 22, and slaughter age were neither affected by an
interaction between EST in week 2 and EST in week 3 (Table 4; P=0.87) nor by a main effect of
EST in week 2 or week 3 (P≥0.24). NAb titers were higher at day 14 compared to day 22 and at
slaughter age (P<0.001), but did not differ between day 22 and slaughter age (titer was 3.5, 2.3,
2.4 for day 14, 22, slaughter respectively). Females tended to have higher NAb binding KLH

63

CHAPTER 3

titer at day 22 (P=0.07) compared to males (2.5 vs 2.0 ± 0.2 respectively; data not shown), but
NAb binding KLH titers did not differ between sexes at other ages (P≥0.68).

Mortality
Mortality rate was neither affected by an interaction between EST in week 2 and EST in
week 3 (P=0.73; data not shown) nor by a main effect of EST in week 2 (P=0.73). Lower EST
in week 3 tended to increase mortality rate (∆=3.1%; P=0.10) compared to Control.

DISCUSSION
The aim of this study was to investigate whether a higher EST of 38.9°C in week 2 in
combination with a lower EST of 36.7°C in week 3 of incubation affects primary immune
organ development and post-hatch immune response in broilers compared to a constant EST
of 37.8°C. Although no interaction was found between EST week 2 and EST week 3 for the
majority of variables that were measured in the current study, some effects were found from
either a higher EST in week 2 or a lower EST in week 3.
A higher EST of 38.9°C in week 2 tended to decrease the peripheral H:L ratio at hatch
compared to a constant EST of 37.8°C. The H:L ratio has been shown to be associated with
parasitic infection, because lymphocytes migrate to the site of infection (Davis et al., 2004;
Lobato et al., 2005). However, in the current experiment any effect of an infection on the
H:L ratio was not very likely, because the H:L ratio was detected in blood that was collected
immediately after removing chicks from the incubator (within 12 hours after hatch). Moreover,
a parasitic infection would also have caused an increase in monocyte and eosinophil numbers
(Jain, 1986; Davis et al., 2004), but no eosinophils were found in any of the blood smears
and only 2.2% of all leukocytes were monocytes (data not shown). The H:L ratio has also
been used to indicate to what extent a chicken experienced physical or physiological stress
(Gross and Siegel, 1983; Beuving et al., 1989; Altan et al., 2000; Davis et al., 2000; Elston et
al., 2000; Onbaşilar and Aksoy, 2005; Nicol et al., 2006), because a stressor results in higher
corticosterone levels and corticosterone lowers the number of peripheral lymphocytes and
increases the number of heterophils (Shapiro and Schechtman, 1949; Weller and Schechtman,
1949; Bannister, 1951; Glick, 1958; Wolford and Ringer, 1962; Bishop et al., 1968; Dhabhar,
2002). Other studies found that thermal manipulations during incubation can cause heat
or cold stress to the embryo (Givisiez et al., 2001; Moraes et al., 2002). However, it is not
likely that the difference in EST during week 2 (E7 to E14) from the current experiment
induced embryonic stress and caused the difference in H:L ratio at hatch moment. Stress
alters corticosterone levels via the hypothalamic-pituitary-adrenal axis and this axis seems
functional only from E13 or E14 onwards (Case, 1951, 1952; Woods et al., 1971; Scott et
al., 1981; McIlhone, 2011). Also, heterophils from neonatal chicks are naïve and inefficient
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(Zulkifli and Siegel, 1994; Lowry et al., 1997; Wells et al., 1998; Genovese et al., 2000) and
might therefore be unreactive to corticosterone. Alternatively, the lower H:L ratio at hatch
after a higher EST of 38.9°C in week 2 of incubation might be the result of a difference in
proliferation of lymphocytes. Regardless of treatment group, the H:L ratio at hatch moment
was high (≥3.6) in the current experiment. Other studies demonstrated that a high H:L ratio
is normal in newly hatched chicks and that this ratio decreases during the first days of life
(Lucas and Jamroz, 1961; Burton and Harrison, 1969; Zulkifli and Siegel, 1994, Maxwell et
al., 1997; Gonzales et al., 2003; Oznurlu et al., 2010). The H:L ratio probably decreases during
early life because lymphocytes start to migrate from maturation sites, such as the bursa, to
the periphery during these days (Lucas and Jamroz, 1961; Cain et al., 1969; Jankovic et al.,
1975; Lasilla, 1989). The lower H:L ratio in combination with a lower cell density within
bursal follicles at hatch when EST in week 2 was 38.9°C could indicate that more lymphocytes
proliferated already from the bursa to the peripheral blood. There are indications that a lower
H:L ratio at hatch is predictive of improved later life production and reproduction traits (AlMurrani et al., 2006) and, if this lower H:L ratio is consistent over time, of higher immune
response against a Salmonella typhimurium infection (Al-Murrani et al., 2002). On the one
hand, broilers in the current study incubated at a higher EST of 38.9°C in week 2 had higher
NCD antibodies at slaughter and therefore the lower H:L ratio that was found at hatch in this
group might indeed be predictive for a higher immune response in later life. On the other
hand, a lower mortality rate and higher NAb titer would have strengthen the results further,
but no effect was found of a higher EST of 38.9°C in week 2 on NAb titer or mortality rate.
In layer type chicken, NAb levels binding to KLH have been found to negatively correlate
with survival (Star et al., 2007; Sun et al., 2011; Wondmeneh et al., 2015) and mortality and
morbidity levels after an avian pathogenic Escheria coli challenge (Berghof et al., 2019).
However, immune response differs between broiler and layer type chicken (Koenen et al.,
2002; Simon et al., 2016) and therefore, the correlation between NAb titre binding KLH and
immunocompetence that has been shown in layers, might not be similar for broilers.
A lower EST of 36.7°C in week 3 was expected to improve embryo development compared
to a constant EST of 37.8°C. Maatjens et al. (2016) showed that a lower EST of 36.7°C from
E15 onwards resulted in chicks with a higher yolk-free body mass and a higher relative heart
weight at hatch than an EST of 37.8°C. In the current experiment, no differences in yolk-free
body mass were found when EST was lowered to 36.7°C in week 3 compared to a constant
EST of 37.8°C (Wijnen et al., 2020). Moreover, the current study found some indications that
the lower temperature in the last week of incubation impaired organ maturation instead of
improving embryo development. For instance, a lower EST of 36.7°C in week 3 resulted in
a higher cell density within bursal follicles and a lower number of peripheral lymphocytes
in ratio to heterophils, which probably indicates impaired proliferation of B-cells from the
bursa as discussed above. Also, jejunum villi length at hatch was shorter after a lower EST of
36.7°C in week 3 compared to a constant EST of 37.8°C. Intestinal villi grow rapidly during
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the last 5 days before hatch (Uni et al., 2003; Uni et al., 1995; Grey, 1972). Lowering the EST
during these last days of incubation in the current experiment might have slowed down villi
growth. Chicken embryos act mainly as poikilotherms (French, 1997) and therefore a lower
EST than 37.8°C could have slowed down embryo metabolism and consequently growth of
organs such as the intestines. Studies evaluating the effect of a lower EST than 37.8°C during
late incubation on intestinal morphology at hatch are lacking. Studies evaluating the opposite
effect, an EST higher than 37.8°C during late incubation, did not find the opposite effect of
longer intestinal villi at hatch (Barri et al., 2001). In fact, it seems that higher EST during
late incubation impairs intestinal development instead (Wineland et al., 2006). However,
the finding that a higher EST than 37.8°C during late incubation impairs intestinal villi
length does not rule out the possibility that a lower EST than 37.8°C in this period slowed
down intestinal villi growth. During late incubation the amount of oxygen available to the
embryo is limited by the conductance of the eggshell (Visschedijk et al., 1985; Rahn et al.,
1974; Romijn and Roos, 1938). Raising temperature during this period likely results in an
imbalance between metabolic rate and oxygen availability and consequently in impaired
organ development (Lourens et al., 2007), whilst lowering temperature during this period
cannot cause this imbalance. Whether the lower EST of 36.7° during the last week of
incubation has consequences for broiler immune response in later life remains unclear from
the current results. After hatch, no significant differences in NCD titers and NAb titers were
found between a lower EST of 36.7°C in week 3 and a constant EST of 37.8°C, suggesting
that there were no differences in immune competence in later life. Nevertheless, a tendency
(P=0.10) for a higher overall mortality in the 36.7°C EST treatment shows that overall broilers
health might have been worse in this group. The possible difference in broiler mortality, which
mainly occurred at the end of the grow-out period, might not be related to a difference in
immune response or it might not be related to a difference in NCD vaccination response and
NAb titers at the time points in the current study, but more related to other physiological
differences such as thermoregulatory competences.
To predict effects of a higher EST of 38.9°C in week 2 or a lower EST of 36.7°C in week
3 on later life immune response more research is suggested in challenging environments.
The current experiment was conducted in a research facility with accurate and optimal
management procedures and at low animal stocking densities. It is likely that the immune
system was therefore only activated to a relatively low level. Any possible difference in
functioning of the immune system might not have been revealed or detected. A follow up
study in which the response of broilers to a validated challenge model can be measured
accurately at very specific time points might reveal whether incubation temperature patterns
have beneficial or detrimental effects for later life broiler immune response or whether it does
not make a difference compared to a constant EST of 37.8°C.
In conclusion, immune organ development at hatch and immune response in later life
does not seem to be influenced by the incubation temperature pattern with a higher EST of
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38.9°C in week 2 and a lower EST of 36.7°C in week 3. Nevertheless, a higher EST of 38.9°C in
week 2 as well as a lower EST of 36.7°C in week 3 both affected immune organ development at
hatch and immune response post hatch compared to a constant EST of 37.8°C. A higher EST
of 38.9°C in week 2 showed some indications that immune organ development and immune
response were perhaps positively affected, whilst a lower EST of 36.7°C in week 3 showed
some indications that immune organ development and immune response were negatively
affected. Yet, only some immune parameters were studied and only during fixed time points,
so more research is needed to confirm or disprove these indication and to study whether
incubation temperature patterns affect primary immune organ development and post-hatch
broiler immune response.
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CHAPTER 4
EFFECTS OF LATE INCUBATION TEMPERATURE
AND MOMENT OF FIRST POST-HATCH FEED
ACCESS ON NEONATAL BROILER DEVELOPMENT,
TEMPERATURE PREFERENCE, AND STRESS
RESPONSE.
H. J. Wijnen, R. Molenaar, B. Kemp, I.A.M. van Roovert-Reijrink, H. van den Brand,
and C.W. van der Pol

Under review at Poultry Science

ABSTRACT
Early life experiences are known to be of great importance for later life. For instance,
stress during early life can increase fearfulness at later age. In broilers, delayed feeding
after hatch may cause stress. Besides, delayed feeding after hatch may affect neonatal
broiler development and thermogenesis and consequently preferred ambient temperature.
Moreover, these effects of feeding strategy may be dependent on late incubation temperature.
Eggs from a 54 wk old broiler breeder flock were incubated at 37.8°C (control) or 36.7°C
(lower) eggshell temperature (EST) during late incubation (≥ embryonic d 17). At hatch,
two feeding strategies were applied (direct access (early feeding) or 51-54 h delayed access
(delayed feeding)). Broilers were equally divided over 32 pens and grown for 3 wk. Stress
was assessed by corticosterone in blood at 0h, 48h, 96h and d21 after hatch. Fearfulness was
assessed by tonic immobility at d13. Temperature preference was assessed at d2 and d12.
Broiler development was determined at 0h, 48h, and 96h after hatch. There was no interaction
EST x feeding strategy for any parameter (P≥0.07). Early feeding resulted in 2.5x lower
plasma corticosterone concentration at 48h (P<0.01) and a 2.2°C and 2.0°C lower preference
temperature for d2 and d12 respectively (P=0.01) compared to delayed feeding. Tonic
immobility was not affected. In conclusion, early feeding reduces stress on the short term and
stimulates thermoregulatory ability of broilers on the longer term.

NEONATAL DEVELOPMENT, STRESS, AND THERMOREGULATION

The perinatal period of animals is known to be of great importance for their later
health, welfare, and performance. This period in life contains critical windows during which
the phenotype can be shaped permanently by environmental factors. Such alterations in
phenotype during early life can determine animal behaviour during environmental challenges
in later life. For example, in laying hens it was shown that injection of corticosterone in eggs,
as a model for prenatal stress, resulted in higher fear responses of hens at 2 wk post hatch
(Janckzak et al., 2006).
One event during the perinatal life of poultry that may cause stress is delayed access to
feed and water after hatch moment (referred to as “delayed feeding”). For practical reasons,
most chicks in commercial practice are withheld from feed and water during the period
from hatch at the hatchery until placement at the farm. Withholding or partial restriction
of feed and/or water for 4 h or longer has been shown to cause a stress reaction in chickens
aged 3 weeks or older, indicated by higher plasma corticosterone concentrations, increased
peripheral heterophil to lymphocyte ratio, and/or behavioural changes (Buckland et al., 1974;
Nir et al., 1975; Freeman et al., 1980; Scott et al., 1983; Hocking et al., 1996; Najafi et al., 2015;
Pál et al., 2015). However, studies that investigated whether delayed feeding causes stress
in neonatal chicks are limited (Gonzales et al., 2003; van de Ven et al.,2013; Khosravinia &
Manafi, 2016; Shakeel et al., 2016) and their results are inconsistent (reviewed by de Jong et al.,
2017). Moreover, possible effects of neonatal stress due to delayed feeding on stress response
at later age are unknown.
Besides trough induction of stress, delayed feeding may evoke it’s effects through other
physiological mechanisms. For instance, it was shown that providing feed and water directly
after hatch (referred to as ‘early feeding’; Roberts et al., 1928) increased metabolic heat
production and improved resistance of neonatal chicks against cold exposure (Decuypere &
Kuhn, 1988; van den Brand et al., 2010; van Roovert-Reijrink et al., 2017). This may suggest
that early fed broilers may prefer a lower ambient temperature compared to delayed fed
broilers during grow out, but this has not been studied yet.
An effect of early or delayed feeding strategy after hatch on preferred ambient
temperature during rearing might depend on incubation temperature. It has been shown that
temperature during late incubation can affect preferred ambient temperature post hatch. For
example, a higher incubation temperature from day 13 of incubation onwards resulted in a
̴ 1.5°C higher preferred ambient temperature up to 15 days post hatch (Morita et al., 2016a,
2016b). A lower incubation temperature during the last week of incubation tended to result
also in a 1.4°C higher preferred ambient temperature at d 1 post hatch (Wijnen et al., 2020).
Thus, early fed chickens may prefer a lower ambient temperature during rearing compared to
delayed fed chickens when late incubation temperature was standard, whereas this may not
be true at higher or lower late incubation temperatures.
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De Jong et al. (2017) suggested that effects of early feeding may indeed be dependent
on incubation temperature. They showed that early feeding can affect mortality rate and
neonatal body development in terms of organ weights, gut development, immune response,
and RY uptake. However, considerable variation and inconsistency among studies existed and
these ambiguous results might be related to, amongst other factors, incubation temperature.
Incubation temperature is known to have a major impact on embryo development and
consequently chick quality at hatch. So far, a constant eggshell temperature (EST) of 37.8°C
throughout incubation is regarded optimal (Lourens et al., 2005). However, a lower EST of
36.7°C during the last week of incubation was shown to increase yolk free body mass (YFBM)
and heart weight at hatch (Maatjens et al., 2016; Wijnen et al., 2020). Newborn chicks with
a higher YFBM have relatively less RY available that could be used for body development
during the neonatal period. Therefore, the importance of early feed intake may be higher for
these chicks.
We hypothesize that delayed feeding would be stressful for the neonatal chick, resulting
in higher fearfulness at later age. Additionally, delayed feeding might result in higher preferred
ambient temperatures during rearing. Finally, late incubation temperature might interact with
post-hatch feeding strategy on temperature preference and neonatal chick development.

MATERIAL AND METHODS
An experiment was set up as a 2 x 2 factorial arrangement with two EST’s during late
incubation and two feeding strategies after hatch. EST from embryonic d (E) 17 onwards
was set either at 37.8°C (control) or at 36.7°C (lower), whereas feeding strategy was either
access to feed and water within 3 to 6h after hatch (early feeding) or within 51 to 54 h after
hatch (delayed feeding). The experimental protocol was approved by the Governmental
Commission on Animal Experiment, The Hague, the Netherlands, approval number: 2018.W0020.001 and by the Ethical Committee of Poulpharm, Belgium, approval number P19034FP. A brief description of material and methods is provided in this chapter. For more details
please see Wijnen et al. (2021).

Incubation
In total 1,338 eggs from a 54-wk-old Ross 308 broiler breeder flock were divided over
16 setter trays (type 88 Setter Tray, HatchTech, Veenendaal, the Netherlands). All 16 trays
were set in one climate respiration chamber, which was used as incubator (details provided by
Heetkamp et al., 2015) in which 4 EST sensors (NTC Thermistors: type DC 95; Thermometrics,
Somerset, UK) were attached to individual eggs. Incubator temperature was continuously
adjusted, based on the median temperature of these 4 EST sensors to aim at an EST of 37.8°C
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up to E17. RH was maintained between 50 and 55%, CO2 level was maintained below 3,500
ppm, and eggs were turned every h by an angle of 45° from horizontal.
At E17, all eggs were candled and eggs containing a viable embryo (86.7% of fertile eggs
at set) were transferred to one hatching basket per setter tray. Hatching baskets were divided
over 4 incubators in which EST control was performed as described above. Two incubators
were set at an EST of 37.8°C, whereas the other 2 incubators were set at an EST of 36.7°C.
RH was maintained between 45 and 75% and CO2 levels were maintained below 3,500 ppm.
At 468 h after the onset of incubation (E19 12h), the air temperatures in the incubators were
fixed at their actual temperature setting and EST was allowed to change.

Hatch and Early Feeding
From 468 h of incubation onward, the incubators were opened every 3 h to check whether
or not chicks had hatched. Any newly hatched chick was marked, put back in the original
hatching basket in the incubator and left to dry for 3 h. After 3 h, the chick was pulled from the
incubator and classified either as 1st grade chick (no abnormalities) or 2nd grade chick if any
abnormality was observed (e.g. crossed beak, blindness, exposed brains, extra legs, exposed
yolk). Any 1st grade chick (n=1,028) was feather sexed, received a unique neck tag, and was
transferred to a HatchCare basket (HatchTech, Veenendaal, the Netherlands) that was placed
in a chick storage room at 36.0°C and 55% RH until 516 h after the onset of incubation (E21
12 h). In the chick storage room, half of the baskets were provided ad libitum with fresh water
and starter pellet feed (early feeding; diet details given in ‘grow out’ section below) whereas no
feed and water was provided in the other half of the baskets (delayed feeding). At 516 h after
the onset of incubation, all chicks were transported in a climate-controlled van (29.4°C and
36% RH) during approximately 3 h to a grow out facility in Zwevegem, Belgium.

Grow-out

Housing. Chicks were divided over 32 floor pens in one broiler house with 30 broilers
(15 male and 15 female) per pen and grown for 3 wk. Pens were divided over 8 equal blocks
and each block contained all 4 treatment groups. Pen size was 260 x 105 cm. The floor was
covered with wood shavings and within each pen 4 drinking nipples and a feed silo were
provided. House temperature setpoint was 35°C at placement and was linearly decreased to
22.5°C at d 21. A heating lamp was provided in the middle of each pen from placement until
d 12, meaning that broilers were able to choose their own preferred ambient temperature. RH
was on average 34.5% ± 15%. Continuous light was provided until d 2 and thereafter 1 h of
darkness / 24h was added each d until 18L:6D was provided by d 7 and onwards.
Diet and vaccinations. Pens from the delayed feeding treatment were divided with a
fence in the middle into an unfed side and a fed side. The litter of the unfed side was covered
with cardboard to prevent litter consumption. At placement, all delayed fed broilers were
positioned in the unfed side of the pen and each broiler was relocated individually to the fed
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side of the pen 48 h after it had received its neck tag. Fences and cardboard were removed after
all broilers were relocated to the fed side of the pen.
A starter pelleted diet was provided from hatch until d 13 and a grower pelleted diet from
d 13 until d 21. Both diets did not contain coccidiostats and were provided ad libitum. The
grower diet included fish meal (10%) and rye (5%) as predisposing factors for the development
of necrotic enteritis after d 21 (see Wijnen et al., 2021). Newcastle disease (Avishield ND) and
infectious bronchitis (Poulvac IB primer) spray vaccinations were administered at placement.
At d 12, Newcastle disease (Avishield ND) and Gumboro disease (Nobilis Gumboro D78)
vaccinations were provided via drinking water.

Data collection
Eggs were weighed at set and at E17, prior to the onset of EST treatments, to calculate
egg weight loss. Eggs candled out at E17 were opened and scored either as infertile or as
dead embryo. Actual EST from all eggshell sensors was logged every minute. For each
sensor, average EST per h was calculated. These averages were used to calculate average,
minimum, and maximum EST per h per treatment. Effects of EST on incubation and embryo
development were studied by determining hatchability, hatch window, incubation duration,
and chick quality at hatch. Hatchability was calculated per hatching basket as the number
of hatched chicks divided by the number of eggs that contained a viable embryo at E17.
Incubation duration was calculated as the number of h from E0 (start of incubation – excl.
warming profile) to emergence from the eggshell. Hatch window was calculated as incubation
duration of the last chick minus incubation duration of the first chick.
Chick quality of 1st grade chicks was determined by measuring BW, chick length,
and navel score as described by Wijnen et al. (2020). Additionally, every twelfth chick per
treatment that hatched was euthanized through decapitation until 25 chicks per treatment
were collected. These chicks were opened and residual yolk (RY), heart, intestines, bursa,
and stomach were removed and weighed on a three-decimal scale. Stomach included the
proventriculus, the intermediate zone, the ventriculus, and the pylorus. YFBM was calculated
as BW minus RY weight. Relative organ weights were calculated as percentage of YFBM. After
weighing the intestines, approximately 1.5 cm of the jejunum was collected (0.5 cm posterior
the distal part of the duodenum). A Swiss roll was made as described by Moolenbeek and
Ruitenberg (1981), fixated in 4% formaldehyde in PBS for 2 d, and stored in 70% ethanol until
processing. At processing, tissues were embedded in paraffin, 3 µm sliced, mounted on a glass
microscope slide, and hematoxylin and eosin stained. From 12 random chicks per treatment,
one slide was analyzed on a microscope (Leica DM3000 LED, LAS V4.9-software) for villi
and crypt appearance. From each slide, 5 to 10 villi and associated crypts were randomly
chosen. Villi lengths and crypt depths were determined as described by Uni et al. (1995) and
the averages of these 5-10 villi and crypts per slide were calculated and used for statistical
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analysis. Villi : crypt ratio (V:C) was calculated as villi length divided by crypt depth for each
individual villi and associated crypt, whereafter the averages were used for statistical analysis.
After decapitation, blood was collected in serum tubes (Vacuette 5 ml, Greiner BioOne), stored on ice, and serum was collected after centrifugation at 5,251 x g for 10 min at 4°C.
Serum was stored at -20°C until samples were analyzed for natural antibodies against keyhole
limpet hemocyanin (NAb) isotypes IgM and IgY according to an adjusted protocol from
Lammers et al. (2004), described by Wijnen et al. (2021). Titers were calculated according to
the protocol from Van der Klein et al. (2015).
Neonatal broiler development was determined at 48 and 96 h after hatch. At both ages,
1 female and male broiler were selected randomly per pen, weighed, and euthanized by
decapitation. RY, YFBM, relative bursa and heart weight, villi and crypt morphology, and IgY
and IgM NAb were determined as described in the previous paragraph. NAb IgM isotype was
not found in serum of any broiler and will therefore not be discussed any further. Mortality
and culled broilers (humane end points as defined by Marchewka et al., 2013) were recorded
daily during the 1st wk. Mortality percentage was calculated per pen by summing up the
number of broilers that died and were culled as percentage of broilers at placement minus the
number of broilers that were dissected.
Temperature preference was determined at d 2 (4 pens per treatment group) and d 12
(5 pens per treatment group) by observing behavior during a temperature preference test
that was adapted from the protocol of Walstra et al. (2010). Two male and 2 female broilers
were selected randomly per pen and were placed together in the middle of a test box which
was situated in a room adjacent to the broiler house. This wooden box (160 x 60 x 50 cm)
was covered with a Plexiglas lid, had wood shavings at the bottom, and 2 infrared heat bulbs
(250 Watt each) situated at one side of the box such that a linear temperature gradient from
20°C to 50°C was created. Temperature sensors at broiler height (NTC DC95 thermistors,
Thermometrics, Somerset, UK) continuously monitored the actual temperature at 24 locations
in the box equally spread over the total gradient. Generally, broilers laid down and remained
on the same position from approximately 15 min after placement onwards. Therefore, 20 min
after placement in the box, the location of each broiler was noted as well as the associated
actual sensor temperature. From d 1 to d 7, in all pens cloacal temperature (VT1831, Microlife,
Widnau, Switzerland) was determined each morning in the same 3 broilers per pen (at least 1
broiler of both sexes was included).
Stress response was studied by measuring corticosterone, and tonic immobility.
Corticosterone was analyzed in serum of all broilers that were dissected at hatch, 48 h after
hatch, and 96 h after hatch. Additionally, corticosterone was analyzed in serum collected
at d 21 from in total 100 broilers (details provided in Wijnen et al., 2021). Corticosterone
was analyzed in duplo in all serum samples. Serum was diluted 5x with steroid diluent
from a radioimmunoassay kit (RIA A68390, Beckman Coulter, Indianapolis, USA) and
subsequently analyzed with this kit according to the protocol from Van der Pol et al. (2019).
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Tonic immobility was assessed at d 13. In each pen, 1 male and female broiler were selected
randomly and the latency until the broiler was attempting to stand up as well as the number of
vocalizations and the number of attempts to put a broiler on the back were assessed according
to a protocol adapted from Jones et al. (1986). A broiler was transported by hand from its
home pen to a table in the corner of the broiler house. Two observers were standing next to
the table without making eye contact with the broiler at any time during the test. One and the
same observer induced tonic immobility by gently laying the broiler on its back on the table
and consequently holding one hand on the sternum and lightly covering the eyes with the
other hand during 10 s. After 10 s, the observer slowly removed both hands and meanwhile
the other observer started recording. If the broiler stood up within 10 s after removing hands,
the procedure was repeated up to a maximum of 5 times. After 5 unsuccessful attempts, the
test was stopped, and another pen mate was selected randomly. Latency until attempt to stand
up was recorded once a broiler remained down for at least 10 s after removing hands. If a
broiler did not stand up within 600 s, the test was stopped and a latency of 600 s was noted.

Statistical analyses
Data was analysed with the statistical software package SAS (Version 9.4, SAS institute,
2010). The basic model used for all data at hatch was
Yi = µ + ESTi + ei, 							

[1]

where, Yi = the dependent variable, µ = the overall mean, ESTi = eggshell temperature
during late incubation (i = 36.7°C or 37.8°C), and eij = the error term. To analyse hatchability,
hatching basket was considered to be the experimental unit and incubator was added as a
random factor to model 1. All other data at hatch was collected for individual chicks, but
hatching basket was considered to be the experimental unit by extending model 1 with
hatching basket nested within incubator as a random factor. Sex was added to model 1 as a
fixed factor. Preliminary statistical analysis did not show significant effects of EST x sex for
any of the variables, except for navel score. Therefore, interactions between sex and treatments
were excluded from the final model with the exception of navel score. For chick length, the ID
code of the person that performed the measurement was added to the model as a fixed factor.
To analyse data that was collected after hatch, model 1 was extended with feeding
strategy and sex as follows;
Yij = µ + ESTi + FEEDj + sexk + interactions + eijk, 				

[2]

where FEEDj = feeding strategy (j = early or delayed), sexk = sex (k = male or female),
interactions = 2 and 3-way interactions between EST, FEED, and sex, and eijk = the error
term. Preliminary statistical analysis did not show significant effects of 3-way interactions,
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sex x EST, or sex x FEED for any of the variables. Therefore, these interactions were excluded
from the final model. All data after hatch was collected for individual broilers, but pen was
considered to be the experimental unit by extending model 2 with pen as a random factor
with the exception of mortality. Mortality was collected per pen and therefore no random
factor was added and sex was excluded from model 2.
The PROC MIXED procedure was used to analyse all data, except for navel score,
number of vocalisations, and number of back attempts during tonic immobility. Model
assumptions were verified by inspection of residual plots and not normally distributed data
were log transformed. Data is expressed as least square mean ± SEM. Tukey adjustments
for multiple comparisons were used to compare least square means. A P-value ≤0.05 was
considered to be significant and a P-value >0.05 and ≤ 0.10 as a tendency.
The PROC GLIMMIX procedure was used to analyse navel score, number of
vocalisations, and number of back attempts during tonic immobility. For navel quality score
navel scores 2 and 3 were grouped and analysed as binary data, using a logit link function in
model 1. Number of vocalisations and back attempts during tonic immobility were analysed
with a Poisson log link function in model 2. Data is expressed as mean ± SE. A P-value ≤0.05
was considered to be significant and a P-value >0.05 and ≤ 0.10 as a tendency.

RESULTS
Incubation
Egg weight loss between set and E17 was on average 8.6%. Infertility and embryonic
mortality of set eggs were 4.6% and 1.8%, respectively. Average, minimum, and maximum
EST per h per treatment are provided as supplementary data (Figure S1). EST treatment had
no effect on hatchability (P=0.26; average 97.2% ± 1.2) nor on duration of the hatch window
(37 h for both EST treatments). Incubation duration was on average 7 h longer for lower EST
compared to control EST (P<0.001; Table 1).

Chick quality at hatch
Lower EST resulted in a 1 mm shorter chick length (P<0.001) and 9.7% higher relative
heart weight (P=0.04) compared to control EST (Table 1). Navel score showed an interaction
between EST and sex (P<0.001; data not shown). At lower EST, female chicks had worse navel
quality with approximately 17.5% higher incidence of navel score 2 or 3 (72.9%) compared
to lower EST male chicks and control EST male and female chicks, which were equal to each
other (53.6%, 57.5%, 55.3% score 2+3, respectively). No effect of EST was found for BW, RY,
YFBM, NAb IgY, jejunum villus height or crypt depth or V:C, and relative weight of bursa,
stomach, or intestines (P≥0.12; Table 1).

83

4

NEONATAL DEVELOPMENT, STRESS, AND THERMOREGULATION

84

0.12

0.30

0.55

0.27

43.2

43.0

YFBM2
(g)

<0.001

0.07

19.3
b

19.4a

Length
(cm)

0.79

0.04

0.024

a

0.72b

Heart
(%)3

0.60

0.007

0.13

0.14

Bursa
(%)3

0.83

0.25

3.3

3.2

NAb2
(titre)

0.63

0.139

5.45

5.54

0.73

0.114

4.07

4.01

Stomach2 Intestines
(%)3
(%)3

0.30

21.3

328

293

Villus
(µm)

1

a-b

0.58

5.1

73

69

Crypt
(µm)

LSMeans within a column and factor lacking a common superscript differ (P<0.05).
8 hatching baskets / treatment (Duration, BW, length: 65 chicks / hatching basket, remaining characteristics: 25 chicks / treatment).
2
RY= residual yolk, YFBM= yolk-free body mass, NAb= IgY natural antibody, stomach = proventriculus + ventriculus, V:C = jejunum villus : crypt ratio.
3
Weight relative to YFBM.

EST

<0.001

1.1

SEM

P-values

8.2

486

Lower
0.23

52.0

a

0.08

8.6

RY2
(g)

52.2

BW(g)

479b

Duration
(h)

Control

EST

n1

0.97

0.21

4.5

4.5

V:C2
(ratio)

Table 1. Effect of eggshell temperature (EST) during late incubation (≥ embryonic d 17; 37.8°C (control) or 36.7°C (lower)) on chick quality characteristics at hatch (LSmean
±SEM).
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Stress

4

No interaction between EST and feeding strategy was found for corticosterone at any
age (P≥0.17; Table 2). Lower EST resulted in a 6.1 ng / ml higher corticosterone level at hatch
(P=0.04) compared to control EST, whereas EST had no effect on corticosterone level at any
other age (P≥0.44). Early feeding resulted in a 22.3 ng / ml lower corticosterone level at 48 h
after hatch (P<0.0001) compared to delayed feeding, whereas feeding strategy had no effect
on corticosterone level at any other age (P≥0.66).
No interaction between EST and feeding strategy or a main effect of EST or feeding
strategy was found for any tonic immobility responses (P≥0.09; Table 3).
Table 2. Effect of eggshell temperature (EST) during late incubation (≥embryonic d 17; 37.8°C (control) or 36.7°C
(lower)) and/or feeding strategy after hatch (direct access to feed and water (early) or 51-54 h deprivation (delayed)
on blood corticosterone of broilers at hatch and 48 h, 96 h, and 21 d of age (LSmean ± SEM).
Corticosterone
(ng / ml)1
Hatch1

48 h2

96 h2

d 213

Control

21.6b

25.0

15.9

6.0

Lower

27.7a

27.5

16.5

6.4

SEM

1.94

2.25

2.40

1.31

Delayed

-

37.3a

16.2

6.6

Early

-

15.2b

16.2

5.8

SEM

-

2.28

2.41

1.31

Control x Delayed

-

35.3

13.4

5.4

Control x Early

-

14.8

18.3

6.6

Lower x Delayed

-

39.4

18.9

7.8

Lower x Early

-

15.6

14.1

5.0

SEM

-

3.19

3.39

1.83

0.04

0.44

0.85

0.81

Feeding strategy

-

<0.0001

0.99

0.66

EST x Feeding strategy

-

0.61

0.17

0.30

EST

Feeding strategy

EST x Feeding strategy

P-values
EST

LSMeans within a column and factor lacking a common superscript differ (P<0.05).
n = 25 chicks / treatment (divided over 8 hatching baskets / treatment).
2
n = 8 pens / treatment group ( 2 broilers / pen).
3
n = 8 pens / treatment group (total 100 broilers, unequal nr per pen).
a-b
1
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Table 3. Effect of eggshell temperature (EST) during late incubation (≥embryonic d 17; 37.8°C (control) or 36.7°C
(lower)) and/or feeding strategy after hatch (direct access to feed and water (early) or 51-54 h deprivation (delayed)
on the number of attempts or vocalizations (mean±SE) and latency to attempt to stand up (LSmean ±SEM) of broilers
during a tonic immobility test at d 13.
n1

Attempts
(no.)

Vocalizations
(no.)

Latency
(sec)

Control

16

3 ±0.3

5 ±2.0

139

Lower

16

2 ±0.2

6 ±1.9

EST

SEM

170
27.4

Feeding strategy
Delayed

16

2 ±0.2

6 ±2.1

Early

16

3 ±0.3

5 ±1.8

SEM

161
148
27.4

EST x Feeding strategy
Control x Delayed

8

2 ±0.4

7 ±2.7

125

Control x Early

8

3 ±0.5

4 ±2.9

154

Lower x Delayed

8

3 ±0.3

5 ±3.2

202

Lower x Early

8

2 ±0.2

6 ±2.1

143

SEM

38.5

P-values

1

EST

0.28

0.72

0.62

Feeding strategy

0.69

0.78

0.96

EST x Feeding strategy

0.15

0.09

0.99

Pens, with 1 male and 1 female broiler / pen.

Temperature preference
No interaction between EST and feeding strategy or a main effect of EST was found for
preferred ambient temperature at d 2 or d 12 (P≥0.32; Table 4). Early feeding resulted in a
2.2°C and 2.0°C lower preferred ambient temperature at d 2 and d 12, respectively (P=0.01 for
both d) compared to delayed feeding.
Cloacal temperature linearly increased from d 1 to d 7 (average 40.4 to 41.3 ±0.05 °C)
and was neither affected by an interaction between EST and feeding strategy (P≥0.17; data not
shown) nor by a main effect of EST (P≥0.12) or feeding strategy (P≥0.05).

86

NEONATAL DEVELOPMENT, STRESS, AND THERMOREGULATION

Table 4. Effect of eggshell temperature (EST) during late incubation (≥embryonic d 17; 37.8°C (control) or 36.7°C
(lower)) and/or feeding strategy after hatch (direct access to feed and water (early) or 51-54 h deprivation (delayed)
on preferred ambient temperature of broilers at d 2 or d 12 of age (LSmean ±SEM).
n1

Preferred ambient temperature (°C)
d2

d 12

EST
Control

8/10

28.3

25.2

Lower

8/10

28.2

25.9

0.55

0.52

4

SEM
Feeding strategy
Delayed

8/10

29.4a

26.6a

Early

8/10

b

27.2

24.6b

0.55

0.53

SEM
EST x Feeding strategy
Control x Delayed

4/5

29.2

25.9

Control x Early

4/5

27.4

24.5

Lower x Delayed

4/5

29.5

27.3

Lower x Early

4/5

26.9

24.6

0.78

0.74

EST

0.85

0.32

Feeding strategy

0.01

0.01

EST x Feeding strategy

0.64

0.40

SEM
P-values

LSMeans within a column and factor lacking a common superscript differ (P<0.05).
Pens at d 2 / d 12, with 2 male and 2 female broilers / pen.

a-b
1

Neonatal Development
No interaction between EST and feeding strategy was found for 1st week mortality
(P=0.07), nor for any of the parameters assessed at 48 h after hatch (P≥0.05) or for any of the
parameters assessed at 96 h after hatch (P≥0.28).
Lower EST had 5.9% higher 1st wk mortality compared to control EST (P<0.001; Figure
1). At 48 h after hatch, lower EST compared to control EST had higher jejunum V:C (P=0.04;
ratio 4.2 vs. 3.9 ±0.11) and higher relative heart weight (P=0.01; 0.92 v 0.85 % ±0.017), whereas
at 96 h after hatch these differences were not present anymore (P≥0.18). EST had no effect on
BW, RY, YFBM, relative bursa weight, NAb titre, and jejunum villi length or crypt depth at 48
h or 96 h after hatch (P≥0.06; data not shown).
Feeding strategies did not differ in 1st wk mortality (P=0.12; Figure 1). At 48 h and at
96 h after hatch, early feeding compared to delayed feeding had higher BW (48 h: P<0.001;
58.3 vs. 44.4 g ± 0.61/ 96 h: P=0.02; 89.8 vs. 79.5 g ± 2.98), higher YFBM (48 h: P<0.001; 56.1
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vs. 42.1 g ± 0.71 / 96 h: P=0.01; 90.0 vs. 78.6 g ± 3.02), and longer jejunum villi length (48 h:
P<0.01; 420 vs. 375 µm ± 8.8 / 96 h: P=0.01; 497 vs. 429 µm ± 16.8). At 48 h after hatch, early
feeding compared to delayed feeding had deeper jejunum crypt (P<0.001; 109 vs. 91 µm ±
2.3) and lower IgY NAb titre (P=0.04; titre 3.8 vs. 4.4 ± 1.7), whereas at 96 h after hatch these
differences were not present anymore (P≥0.44). Feeding strategy had no effect on RY, relative
heart weight, jejunum V:C, or relative bursa weight at 48 h or 96 h after hatch (P≥0.06; data
not shown).

Figure 1. Effect of eggshell temperature (EST) during late incubation (≥embryonic d 17; 37.8°C (control) or 36.7°C
(lower)) and/or feeding strategy after hatch (direct access to feed and water (early) or 51-54 h deprivation (delayed)
on 1st wk mortality of broilers.
a-b LSmeans within a factor lacking a common superscript differ (P<0.05).
# LSmeans tend to differ (P<0.10).
Error bars indicate SEM. n=8 pens / treatment group (30 broilers / pen).
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DISCUSSION

4

We hypothesized that delayed access to feed and water after hatch would be stressful for
chicks, resulting in higher fearfulness at later age. Furthermore, delayed feeding was expected
to result in higher preferred ambient temperatures during rearing and a low EST during
late incubation was suggested to interact with post-hatch feeding strategy on temperature
preference as well as neonatal broiler development in general. Firstly effects of feeding strategy
will be discussed. Subsequently, whether or not incubation temperature interacts with feeding
strategy and finally, main effects of incubation temperature.

Feeding strategy
At 48 h after hatch, 2.5 times higher corticosterone levels were found in 48 h delayed
fed broilers compared to early fed broilers. The higher corticosterone level found in delayed
fed broilers was likely the result of stress due to feed and water deprivation. Corticosterone
level increased between hatch and 48 h after hatch in delayed fed broilers, whereas in early fed
broilers it decreased during that time span. Moreover, once delayed fed broilers had access to
feed and water for 48 h, their corticosterone level reduced to similar level as that of early fed
broilers. Our finding is in line with Van de Ven et al. (2013) who studied chicks that hatched
either in a conventional hatcher without feed and water or in a Patio hatching system with
direct access to feed and water. In a conventional hatcher, chicks that hatched early within
the hatch window tended to have higher corticosterone levels at pull compared to chicks that
hatched late during the hatch window, also shown by Tong et al. (2015), whereas in a Patio
hatching system this difference between early and late hatchers was not present.
The increase in corticosterone in delayed fed broilers could also be the response to
a lack of glucose. Delayed fed broilers likely had limited glucose available during the first
48 h after hatch, since most glycogen storages are used during hatching (Freeman, 1965;
Christensen et al., 2001; Molenaar et al., 2013; van de Ven et al., 2013; Maatjens et al., 2014)
and no exogenous glucose via the diet was provided. Blood glucose was not determined in the
current study, but it has previously been shown that 48 h delayed fed broilers had lower blood
glucose concentration after hatch compared to early fed conspecifics (Gaglo-Disse et al.,
2010; Wang et al., 2014; Khosravinia & Manafi, 2016). Corticosterone level may be increased
because corticosterone increases gluconeogenesis via decreasing uptake of glucose by muscle
cells and increase of protein degradation to supply glucogenic amino acids (Mench, 2002).
Consequently, in delayed fed broilers, corticosterone levels may rise, to maintain glucose
homeostasis. However, it is unclear whether or not this mechanism occurs independent from
stress or that it is also part of the stress response. In stressful situations there is a higher
demand for direct accessible energy, such as glucose, for a fight or flee response. Furthermore,
blood glucose concentration can remain lower during 2 wk post hatch after delayed feeding
(Gaglo-Disse et al., 2010), whereas corticosterone level does not. Studies on early feeding
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that measured additional stress indicators next to corticosterone are rare. Khosravinia and
Manafi (2016) found that unfed day old chicks showed decreasing resting behaviour and
increasing active wakefulness and attempt to escape from a box without feed and water as
time progressed. Aforementioned findings suggest that the higher corticosterone that was
found in the current study at 48 h after hatch in delayed fed broilers appears to be a stress
response rather than an effect of a low blood glucose level.
We hypothesized that stress during early life due to delayed feeding would result in
higher fearfulness at later age. In the current study, no indications were found that early and
delayed fed broilers differ in fearfulness as no difference was found during a tonic immobility
test at d 13. Besides, corticosterone level at d 21 was similar between both feeding strategies.
It should be noted that corticosterone at d 21 was determined without applying a stressor.
Hedlund and Jensen (2019) showed in laying hens that although chicks experienced more
stress during hatchery processes, their baseline corticosterone levels at d 6 or 41 did not differ.
Once these hens were manual restrained, corticosterone levels increased to a larger extent
in hens that experienced more stress during early life, but without showing more fearful
behaviour during a tonic immobility test. This suggests that feeding strategy during early
life possibly affects stress responsiveness during later life when exposed to certain stressful
conditions, even though baseline corticosterone level and behavioural response to a tonic
immobility test did not differ in the current study.
Feeding strategy evidently affected preferred ambient temperature during rearing.
Feeding increases thermogenesis by digestion of feed and body growth and early fed broilers
produced approximately twice as much heat at pulling compared to delayed fed broilers (van
Roovert-Reijrink et al., 2017). In the current study, early fed broilers had higher BW, YFBM,
and longer jejunum villi length compared to delayed fed broilers up to at least 96 h after hatch.
This supports the idea that early fed broilers are ahead in body growth and development and
it suggests that thermogenesis will indeed be higher in early fed broilers. On the one hand,
higher thermogenesis seems to beneficially affect cold tolerance. Early fed broilers showed
milder drops in rectal temperature after cold exposure (20°C) at d 2-3 compared to delayed fed
broilers (Van de Brand et al., 2010). On the other hand, higher thermogenesis could increase
the risk of heat stress in early fed broilers. At d 2 after hatch, the delayed fed broilers preferred
an ambient temperature of 29.4°C, which is in line with commercial recommendations of
whole-house brooding temperature (Aviagen, 2018). At the same age, early fed broilers
preferred an ambient brooding temperature of 27.2°C. In current recommended whole house
brooding temperature setpoints no distinction is made between early and delayed fed broilers.
Incorrect ambient brooding temperatures can negatively impact growth performance and
increase ascites related mortality (Deaton et al., 1996; Lourens et al., 2005; Leksrisompong et
al., 2009; Van der Pol et al., 2013). Strikingly, the difference in preferred ambient temperature
between early and delayed fed broilers was still present at d 12, which suggests that feeding
strategy post hatch may have long-lasting programming effects.
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It was expected that early feeding would result in a lower temperature preference
compared to delayed feeding when incubated at a control EST of 37.8°C, whereas this may
not be the case when EST is lowered during late incubation, because a lower EST of 36.7°C
during late incubation resulted in a higher preferred ambient temperature at d 1 (Wijnen et
al., 2020). In the current study, no effect of lower EST on temperature preference was found
and consequently the hypothesized interaction with feeding strategy was not found either.
De Jong et al. (2017) suggested that effects of early feeding on neonatal chick development
may be dependent on incubation temperature. A lower EST of 36.7°C during late incubation
resulted in a higher YFBM at hatch (Maatjens et al., 2016). We hypothesized that the need for
early feed intake would be higher in chicks with a higher YFBM, because at hatch these chicks
have less RY available relative to YFBM. This may explain why no interaction between EST
and feeding strategy was found for any of the neonatal broiler development parameters.
Regardless of treatment group, 1st wk mortality was high with an average of 7.7%, This
was probably the result of a bacterial infection, because necropsy showed that most broilers
(approx. 70%) had ecolisepticemia and/or yolk sac infection. The old parental flock (54 wk)
and lack of disinfection of hatching eggs, drinking water, and hatcher, may have increased
the bacterial load (Yassin et al., 2009; Fertner et al., 2011; Poulsen et al., 2017). EST during
late incubation tended to interact with feeding strategy on 1st wk mortality. First wk mortality
tended (P=0.07) to be higher in the lower EST with early feeding group (13.7%) compared
to the other 3 treatment groups (average 6.1%). The biological mechanism explaining this
tendency is unclear. Possibly, early fed broilers were exposed to a relatively larger bacterial
load and at an earlier age, because bacteria could replicate and spread via feces and drinking
water. This risk seems to be no problem in good quality chicks, but in chicks with lower
quality navels, as was currently observed in lower EST incubated female chicks, this might
lead to higher mortality. A badly closed navel increases the risk of yolk sac infection and
1st wk mortality (Brandly, 1932; Dardiri et al., 1955; Fasenko and O’Dea, 2008; Olsen et al.,
2012). This may also explain the higher mortality rate that was found after early feeding in
another study (Lamot et al., 2016), whereas early feeding generally lowers mortality rates (de
Jong et al., 2017). Yet, it should be emphasized that these are speculations based on a tendency
for 1st wk mortality. Moreover, 1st week mortality was similar for both sexes, whilst a higher
mortality for females would be expected as only females had worse navel conditions. Future
studies on a potential relationship between incubation temperature and post hatch feeding
strategy are required.

Incubation temperature
The finding that lower EST incubated chicks had higher corticosterone level at hatch
compared to control EST indicated that lower EST may have caused cold stress to the embryo.
Late term embryos are capable to show stress responses, because the hypothalamic-pituitary-
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adenal axis becomes functional around d 14 of incubation (Case, 1952; McIlhone, 2011)
and corticosterone level at hatch can be altered by thermal manipulations during incubation
(Moraes et al., 2002; Amjadian and Shahir, 2020). Although avian embryos act poikilotherm
during the majority of incubation time and full thermoregulatory response develops mainly
after hatching (Dietz and van Kampen, 1994; French et al., 1997), embryos do decrease blood
flow to the chorioallantois and increase heat production when eggs are cooled by 1°C or
more (Romijn and Lonkhorst, 1955; Tazawa et al., 1988; Tazawa et al., 1989; Nichelman and
Tzschentke, 1999; Lourens et al., 2006; Szdzuy et al., 2008). However, in the current study,
these abilities appears to be insufficient, resulting in signs of cold stress when lowering EST
during late incubation.
In conclusion, a lower EST during late incubation as well as delayed feed access after
hatch appear to be stressful perinatal conditions. Also, early post hatch feeding strategy can
have a long-lasting programming effect on thermoregulation and consequently on preferred
ambient temperature during rearing.
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SUPPLEMENTARY FIGURE

Figure S1. Actual average, minimum, and maximum eggshell temperature (EST) during embryonic d (E) 17 until
E19 12h of broiler eggs incubated either A) at a setpoint of 37.8°C EST or B) at a setpoint of 36.7°C EST.
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ABSTRACT
Resilient animals can cope with environmental disturbances in life with minimal loss of
function. Resilience can be enhanced by optimizing early life conditions. In poultry, eggshell
temperature (EST) during incubation and early feeding are two early life conditions that are
found to alter neonatal chick quality as well as immune response in later life. However, it
has never been studied yet these early life conditions affect disease resilience of chickens at
later ages. Hence, we studied effects of EST ( 37.8°C (control) or 36.7°C (lower)) during
late incubation (≥embryonic day 17- 19.5) and feeding strategy after hatch (immediately
(early feeding) or 51-54 h delayed (delayed feeding)) on later life broiler resilience in a 2 x
2 factorial arrangement. At hatch, 960 broilers of both sexes from a 54 wk old Ross breeder
flock were equally divided over 32 pens (8 replicate pens / treatment combination) and grown
for 6 wks. Necrotic enteritis was induced by a single inoculation of Eimeria spp. at d 21 and
repeated Clostridium perfringens inoculation (3x /d) during d 21 - 25. Mortality and BW
gain were measured daily during d 21 – 35 as indicators of resilience. Additionally, disease
morbidity was assessed (gut lesions, dysbacteriosis, shedding of oocysts, footpad dermatitis,
and natural antibody levels in blood). Results showed a lack of interaction between EST and
feeding strategy for the vast majority of the variables. A lower EST resulted in lower BW
gain at d 5 and 8 post Eimeria inoculation (P=0.02) and more E. Maxima oocysts in feces
at d 8 post Eimeria inoculation compared to control EST (P<0.01). Early feeding tended
to lower mortality compared to delayed feeding (P=0.06) but BW gain was not affected by
feeding strategy. Morbidity characteristics were hardly affected by EST or feeding strategy. In
conclusions, a few indications were found that a lower EST during late incubation as well as
delayed feeding after hatch each may impair later life resilience to necrotic enteritis. However,
these findings were not manifested consistently in all parameters that were measured and
conclusions are drawn with some restraint.
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There is an increased global concern about the high use of antimicrobials and potentially
related resistance threats (WHO, 2014). Efforts are made in various areas to reduce the
usage of antibiotics. In animal husbandry, this reduction in antibiotics usage led to a rising
interest in alternative approaches to enhance animal health, e.g. by enhancing animal
resilience. Resilience can be defined as the capacity of an animal to absorb environmental
disturbances and reorganize with minimal loss of function (Folke et al., 2010). In animal
husbandry, environmental disturbances can be for instance changes in social structures,
thermal conditions, or disease outbreaks. When focusing on the latter one, a resilient animal
has a lower chance to become ill and once it does become ill it will show rapid recovery.
Consequently, increased animal resilience may lead to a lower need of antibiotics, improved
animal welfare, and beneficial revenues and sustainability. Resilience of animals is likely
affected by early life conditions, because critical windows for immune organ development
exists during early life (Renz et al., 2012) and environmental conditions in this period can
affect the animal’s immune system in later life (Luo et al., 2020).
In poultry, one environmental condition during early life that may affect chicken resilience
is the embryo temperature during incubation. Embryos act poikilotherm and therefore their
body temperature and, as a result, their metabolic rate and development is affected by their
temperature. Embryo temperature is accurately reflected by eggshell temperature (EST)
(French, 1997). Changes in EST patterns during incubation can affect chick quality at hatch and
can even affect growth performance throughout life (Hulet et al., 2007; Tzschentke and Halle,
2009; Molenaar et al., 2011; Sozcu and Ipek, 2015; Lin et al., 2017). Moreover, EST can affect
immunocompetence of broilers in later life by alterations peripheral lymphocyte numbers
(Oznurlu et al., 2010), mucin expression and Salmonella Enteritidis colonization in the gut
(de Barros Moreira Filho et al., 2015), and Newcastle disease vaccination response (Wijnen
et al., 2020a). So far, a constant EST of 37.8°C throughout incubation is regarded optimal in
terms of chick quality at hatch (Lourens et al., 2005). However, there are some indications that
lowering EST to 36.7°C during late incubation may benefit embryo development in terms of
yolk free body mass (Maatjens et al., 2016) and heart weight (Maatjens et al., 2016; Wijnen
et al., 2020b). |However, other aspects of embryo development, such as chick length or bursa
and intestine development, may be impaired by a lower EST during late incubation (Wijnen
et al., 2020a - 2020b). Unfortunately, none of these studies investigated post-hatch broiler
disease resistance and therefore possible effects of a lower EST during late incubation on
broiler resilience against diseases in later life are unknown.
Another early life condition that may affect broiler resilience in later life is the provision
of feed and water immediately after hatch moment (referred to as ‘early feeding’). Currently,
chicks are often withheld from feed and water during the period from hatch moment at the
hatchery until placement at a farm. The duration of this period varies between batches of
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chicks, but likely approximately 48 h is common whereas it was described to last up to 72 h
in case of long transport duration (van de Ven et al., 2009; Willemsen et al., 2010a). Despite
the availability of abdominal residual yolk during this period, withholding neonatal chicks
from feed and water have been shown to result in BW loss and an impaired or delayed onset
of gastrointestinal development (Noy and Sklan, 1999; Biloni et al., 2013; Lamot et al., 2014;
Wang et al., 2020), thermoregulation (van den Brand et al., 2010), and immunocompetence
(Shira et al., 2005; Simon et al., 2014; Price et al., 2015). Feeding chicks in this period will thus
affect neonatal chick development, but is also known to have lasting effects on performance,
mortality, and immune response after the period of feed deprivation (Shira and Sklan, 2005;
de Jong et al., 2017; Juul-Madsen et al., 2004; Lamot et al., 2016). Most studies related to early
feeding provided vaccines or model antigens to induce a disease response rather than inducing
a disease. Therefore, based on these studies, no definite conclusion can be drawn on whether
possible alterations in immune response found by model antigens result in altered broiler
resilience. The use of disease models in studies could elucidate this, especially if kinetics in
functional losses or pathogenesis are determined. Until now, such studies are very limited (Ao
et al., 2012; Simon et al., 2015).
This study aimed to investigate effects of EST during late incubation and feeding strategy
immediately post hatch on later life resilience. Both factors may interact with each other as
EST may for instance affect intestinal morphology and digestive enzyme activity in such a
way that a chick is better prepared for exogenous feed intake at hatch moment and will have a
higher benefit from early feeding.

MATERIAL AND METHODS
This study was conducted during April to May 2019 at Wageningen University &
Research, The Netherlands (incubation and hatch period) and Poulpharm, Zwevegem,
Belgium (grow out period). The experimental protocol from hatch until transport of day-old
chicks was approved by the Governmental Commission on Animal Experiment, The Hague,
The Netherlands, approval number: 2018.W-0020.001. The experimental protocol from
transport until the end of the experiment were carried out according to the recommendations
and following approval of the Ethical Committee of Poulpharm, Belgium, approval number
P19034-FP.

Experimental design
The experiment was set up as a 2 x 2 factorial arrangement with EST during late
incubation and feeding strategy after hatch as treatments. EST from embryonic day (E) 17
until E19.5 was set at 37.8°C (control) or at 36.7°C (lower), whereas feeding strategy included
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access to feed and water within 3 to 6 h after hatch (early feeding) or within 51 to 54 h after
hatch (delayed feeding).

Eggs from a 54-wk-old Ross 308 broiler breeder flock were stored at a commercial
hatchery (Lagerwey BV, Lunteren, The Netherlands) for 4 days at 20°C. All eggs were laid on the
same date in 2 broiler houses at one farm. Both houses were held under similar environmental
and management conditions and eggs coming from both houses were randomly mixed
between treatments. To exclude potential effects of initial egg weight (Wilson, 1991), 10 egg
trays with 150 eggs each were bulk-weighed to determine the average egg weight (70.1 g).
Three equal weight classes within 1.5 g of the average egg weight were determined (69.3569.85, 69.86-70.35, 70.36-70.85). Thereafter, eggs were weighed individually until 446 firstgrade eggs (clean, without hairline cracks or malformations) per weight class were selected
(total 1,338 eggs). Eggs were transported for approximately 30 min to the animal research
facility of Wageningen University & Research (Wageningen, The Netherlands), where eggs
of each weight class were equally divided over 16 setter trays (type 88 Setter Tray, HatchTech,
Veenendaal, The Netherlands).

Incubation
All 16 trays were set in one incubator (type climate respiration chamber, details provided
by (Heetkamp et al., 2015). Four EST sensors (NTC Thermistors: type DC 95; Thermometrics,
Somerset, UK) were attached to the equator of the eggshell of 4 individual eggs, using silicone
heat sink compound (Type 340; Dow Corning, Midland, MI) and a small piece (approx. 1.5
x 1.5 cm) of elastic performance tape (Leukotape K, Essity, Hamburg, Germany). A 22-h
preincubation warming profile was applied before the onset of incubation, adapted from (van
Roovert-Reijrink et al., 2018) such that eggs were linearly warmed from storage temperature
to 30.6°C EST in 5 h and from 30.6°C to 37.8°C EST in 17 h. The moment eggs reached an EST
of 37.8°C was considered to be the start of incubation (E0). Until E17, incubator temperature
was continuously adjusted, based on the median temperature of the 4 EST sensors to aim at
an EST of 37.8°C. Eggs were turned every hour by an angle of 45° from horizontal. Relative
humidity was maintained between 50 and 55%, and CO2 level was maintained below 3,500
ppm.
At E17, all eggs were candled and eggs containing a viable embryo (N=1,072; 86.7%
of fertile eggs at set) were transferred to hatching baskets. Eggs were transferred to one
hatcher basket per setter tray. These hatcher baskets were divided over 4 incubators (4 baskets
/ incubator). Two incubators were aimed at an EST of 37.8°C (control EST), whereas the
other 2 incubators aimed at an EST of 36.7°C (lower EST). EST control in all four incubators
was performed as described above. Relative humidity was maintained between 45 and 75%
and CO2 levels were maintained below 3,500 ppm. After 468 h of incubation (E19 12h), the
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incubator temperatures were fixed at their actual setting, and EST was allowed to change as
chicks started to emerge from the eggshell. Details about actual EST are provided in (Wijnen
et al., 2022).

Hatch and early feeding
From 468 h of incubation onward, every 3 h the incubators were opened to check
whether chicks had hatched. A chick that was fully emerged from the shell was marked with
a colored dot on the head using a permanent marker. After marking, chicks were placed
back in their original hatcher basket to dry. Three h after a chick was marked, it was pulled
from the incubator and classified either as 2nd grade chick if any abnormality was observed
(e.g. crossed beak, blindness, exposed brains, 4 legs, exposed yolk) or as 1st grade chick (all
remaining chicks). All 2nd grade chicks were excluded from the experiment. The 1st grade
chicks (N=1,028) were feather sexed, marked with a plasticized paper neck tag (size 5 x 2 cm),
and transferred to HatchCare hatcher baskets (HatchTech, Veenendaal, The Netherlands). In
half of these baskets (early feeding treatment), ad libitum starter pellet feed (details given in
‘grow out’ section below) and fresh water were provided. The other half of these baskets had
empty gutters and troughs (delayed feeding treatment). Chicks were stored in these hatcher
baskets in a chick storage room at 36.0°C and 55% RH without forced airflow until E21 12 h.
At E21 12 h, all water gutters were emptied and baskets (incl. residual feed in baskets from
early feeding treatment) were transferred to a climate-controlled van designed for chicken
transportation at 29.4°C and 36% RH with forced airflow (Chickliner, Renswoude, The
Netherlands). Chicks were transported during approximately 3 h to a grow out facility from
Poulpharm, Zwevegem, Belgium.

Grow out

Layout
At arrival at the growout facility (regarded as day 0), 960 broiler chicks were selected
randomly and divided over 32 floor pens in one broiler house (8 replicate pens / treatment).
Pens were divided over 8 equal blocks (4 pens / block) and all four treatments were allocated
to each block. At placement, each pen contained 15 male and 15 female broilers. Pen size was
260 x 105 cm and fenced with 60 cm high solid mesh. The concrete pen floor was covered with
a 1 cm think layer of wood shavings. Each pen contained 4 drinking nipples and one metal
feed silo (35 cm diameter).
Delayed feeding
At placement, pens from the delayed feeding treatment were temporarily divided with a
fence in the middle, which divided the pen into an unfed side and a fed side. The unfed side
floor was covered with cardboard to prevent litter consumption. At placement, all broilers
within these pens were positioned in the unfed side of the pen. Thereafter, each broiler was
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1.5.3 Feed and vaccinations
A starter pelleted diet (ME broiler = 2,838 kcal/kg, CP = 221.8 g/kg, digestible lysine =
12.9 g/kg) with a diameter of 2.6 mm was provided from d 0 until d 13, a grower pelleted diet
(ME broiler = 2,999 kcal/kg, CP = 269.4 g/kg, digestible Lysine = 15.17 g/kg) with a diameter
of 3.2 mm from d 13 until d 28, and a finisher pelleted diet (ME broiler = 3,001 kcal/kg, CP
= 188.6 g/ kg, digestible Lysine = 10.85 g/kg) with a diameter of 3.2 mm was provided from d
28 onward. Diets did not contain coccidiostats and were produced by Research Diet Services
(RDS, Wijk bij Duurstede, The Netherlands) according to the guidelines of the Federation
Dutch Animal Feed chain (CVB, 2016). Feed and water were provided ad libitum. At d 0,
broilers were spray vaccinated against Newcastle disease (Avishield ND) and infectious
bronchitis (Poulvac IB primer). At d 12, Newcastle disease vaccination (Avishield ND) and
Gumboro disease vaccination (Nobilis Gumboro D78) were provided via drinking water.
1.5.4 Climate
Ambient temperature setpoint was 35°C at placement and was linearly decreased to
20°C at d 24 and this setpoint was maintained until the end of the study. As a difference
in ambient temperature preference was expected between early and delayed fed broilers, a
heat lamp was provided in the middle of each pen from placement until d 12, meaning that
each broiler could choose its own preferred ambient temperature. Relative humidity was on
average 34.5% and varied between 20 and 50%. At placement, 24 h of light was provided and
from d 2 onward, 1 h of darkness / 24 h was added each day until 6 h of darkness / 24 h was
provided by d 7 and this lighting schedule was maintained until the end of the study.

Necrotic enteritis model
A subclinical necrotic enteritis (NE) was induced by adapting a protocol from (Van
Waeyenberghe et al., 2016). Fish meal (10%) and rye (5%) were included into the grower diet
(d 13 - 28) as predisposing factors for NE induction. At d 21, all broilers were orally inoculated
with 1 ml inoculum containing field isolates of Eimeria Acervulina (80,000 oocysts), Eimeria
Maxima (40,000 oocysts), and Eimeria Mitis (5,800 oocysts). These field isolates were purified
and differentiated out of samples from Germany, Australia, and Germany, respectively. At
the day of Eimeria inoculation and 4 days thereafter (d 21 – 25), all broilers were also orally
inoculated 3x / d (approximately 8:00 am, 11:00 am, and 02:00 pm) with approximately 1x109
colony-forming units of a netB-positive Clostridium Perfringens strain 56 (Gholamiandekhordi
et al., 2006; Timbermont et al., 2009). Clostridium Perfringens strain was streaked onto
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Columbia Sheep-blood agar (37°C, anaerobic incubation for approximately 18h). Following,
different isolated colonies were selected for further constitution of the bacterial inoculum.
Colonies were aseptically transferred into Brain-Heart Infusion (BHI) medium and incubated
overnight (37°C, anaerobic incubation for approximately 15h). The number of CFU/mL in
the final inoculum composition was calculated based on viable cell counts, after streak plating
a 10-fold dilution series of the inoculum onto Columbia Sheep-blood agar. All plates were
incubated anaerobically at 37°C for approximately 18-24h.

Data collection
The response of broilers to the NE induction was monitored from the day of Eimeria
inoculation (d 21) until the end of the experiment (d 35) by determining mortality and BW
gain as indicators of resilience. Disease morbidity was assessed by determining NE lesions,
coccidiosis, dysbacteriosis, oocyst shedding, natural antibody levels in blood, and footpad
dermatitis.
Mortality was determined by daily monitoring of dead broilers each morning from the
day of Eimeria inoculation until the end of the experiment. Broilers were observed daily to
check their health and wellbeing and were culled by caretakers if a humane endpoint was
reached, as defined by (Marchewka et al., 2013).
Changes in BW were measured to determine functional loss. From d 21 up to and
including d 31 and once finally at d 35, all broilers were weighed individually during the
morning. Average daily gain (ADG) was calculated for each broiler that survived during the
experiment.
Necrotic lesions, coccidiosis, and dysbacteriosis were scored by dissecting broilers
approx. 3 h before Eimeria inoculation and at d 6, 7, and 14 post Eimeria inoculation (PEI;
respectively d 21, 27, 28, and 35 post hatch). All scores were performed blind by trained
veterinarians. At approx. 3 h before Eimeria inoculation, a varying number of broilers was
dissected per pen such that the remaining number of broilers in each pen was 20 of equal sex
ratio. Thereby possible effects of varying animal densities between pens, caused by mortality
between hatch and onset of NE, on outcome of NE response was prevented. This procedure
resulted in dissection of in total 100 broilers at approx. 3 h before Eimeria inoculation. To
ensure that the remaining living broilers (20 / pen) were closest to treatments average, broilers
to be used for dissection (n= 100) were selected as follows. The average BW at d 14 post hatch
was calculated per sex per treatment group. Subsequently, within each pen and per sex, the
first broiler that was selected for dissection had the most deviating higher weight at d 14
than treatment group average. The second broiler that was selected had the most deviating
lower weight than treatment group average and so on until 20 broilers per pen remained. At
d 6 and 7 PEI, 10 broilers per pen (equal sex ratio) were dissected (5 broilers / pen / d). This
time broilers within each pen were selected for dissection if their BW at d 25 deviated the
most from the average BW of similar sex and treatment group. At d 14 PEI, 5 broilers per pen
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were dissected (3 females and 2 males). Broilers were selected based on their BW at d 31 as
described for d 6 and 7 PEI.
Necrotic lesions were scored according to protocol (Keyburn et al., 2006). At d 6 and
7 PEI, all dissected broilers were scored on macroscopic NE lesions in the small intestine
(duodenum to ileum) on a severity scale from 0 (= no gross lesions) to 6 (= diffuse necrosis).
Broilers with NE lesion scores of 2 or more were considered as NE positive and incidence of
NE was based on this classification.
Coccidiosis was determined in all dissected broilers during all dissection moments
according to protocol (Johnson and Reid, 1970). E. Acervulina, E. Maxima, and E. Tenella
macroscopic lesions were each scored on a severity scale 0 (= no gross lesions) to 4 (=
severe lesions). The total mean lesion score (TMLS) was calculated by summing up scores
of each Eimeria type, resulting in a TMLS severity score between 0 and 12 (De Gussem,
2007). Incidence was calculated by classifying broilers with TMLS of 1 or more as coccidiosis
positive.
Dysbacteriosis was scored according to protocol (Teirlynck et al., 2011). At the day of
Eimeria inoculation and d 14 PEI, in all dissected broilers the absence (= score 0) or presence
(= score 1) of gut ballooning, undigested feed particles, redness, gut wall thickness, flaccidity,
and abnormal lumen content was determined. Dysbacteriosis severity score was calculated by
summing up all scores, resulting in a dysbacteriosis severity score between 0 and 10. Incidence
was calculated by classifying broilers with dysbacteriosis score of 3 or more as dysbacteriosis
positive.
Oocyst shedding was assessed in all pens at one day before Eimeria inoculation and at d
4 and 7 PEI (respectively d 20, 25, and 28 post hatch). Several fresh droppings (approximately
200 g) were collected and mixed per pen. Oocysts per gram faeces (OPG) from E. Acervulina,
E. Maxima, E. Mitis, E. Tenella, E. Brunetti, and E. Necatrix/praecox were counted according
to the McMaster method (Gordon and Whitlock., 1939). The Eimeria spp. differentiation
was based on morphometrical examination of each oocyst according to protocol (Reid and
Long, 1979) performed by trained and validated parasitology lab technicians. E. Brunetti and
E. Necatrix/praecox were not detected at any collection day and are therefore not discussed
any further in this paper. One day before Eimeria inoculation, E. Acervulina, E. mitis, and
E. Tenella oocysts were found in 75.0, 62.5, and 6.3% of the pens, respectively. Preliminary
analysis showed that there was no effect of treatment on OPG prior to Eimeria inoculation
nor at d 5 or 8 PEI for any of these three Eimeria species. The OPG of these Eimeria species
were excluded from the results as their presence 1 d before inoculation indicated that OPG
numbers at d 5 and 8 PEI could not be attributed solely to the disease challenge.
At d 0, 6, and 14 PEI (respectively d 21, 27, 35 post hatch), blood was collected from
the wing vein of 2 broilers per pen (1 male and 1 female) randomly chosen from the ones
that were selected for dissection. Blood was collected in natrium heparinized tubes (Vacuette
4 mL FX, Greiner Bio-One), stored on ice, and plasma was collected after centrifugation at
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2,000 x g for 10 min. Plasma was stored at -20°C until samples were analyzed for the level
of IgY and IgM natural antibodies (NAb) though the amount of immunoglobulin binding
to keyhole limpet hemocyanin (KLH) adjusted from the protocol of (Lammers et al., 2004).
Briefly, 96-well medium binding flat-bottomed plates (Greiner Bio-One, Alphen a/d Rijn, The
Netherlands) were coated with 100 μL coating buffer (5.3 g/L Na2CO3, and 4.2 g/L NaHCO3;
pH 9.6), containing either 2 or 4 μg/mL KLH (H8283, Sigma-Aldrich, St. Louis, MO, USA)
for isotypes IgY and IgM respectively. Plates were incubated at 4°C overnight, washed with
tap water containing 0.05% Tween 20, and tapped dry. Plasma samples were 1:10 pre-diluted
(both isotypes) with dilution buffer (phosphate buffered saline [PBS; 10.26 g/L Na2HPO4·H2O,
2.36 g/L KH2PO4, and 4.50 g/L NaCl; pH 7.2], containing 1% horse serum, and 0.05% Tween
20). Pre-dilutions were further diluted with dilution buffer such that tested plasma dilution
were 1:40, 1:160, 1:640, and 1:2,560 for both isotypes. Plates were incubated for 1.5 h at room
temperature and then washed again with tap water, containing 0.05% Tween 20. Subsequently,
plates were incubated for 1.5 h at room temperature with 1:20,000-dilutions of either goat-antichicken IgG(Fc) (Bethyl A30-104P) or goat anti-chicken IgM (Bethyl A30-102P), each labeled
with horse radish peroxidase (polyclonal antibodies from Bethyl Laboratories, Montgomery,
TX, USA). Plates were washed again with tap water, containing 0.05% Tween 20 after which
antibodies to KLH were visualized by adding 100 μL substrate buffer (tetramethylbenzidine
+ 0.05% H2O2). After 20 min, the reaction was stopped with 50 μL of 1.25 M H2SO4 and
extinctions were measured at 450 nm with a microplate spectrophotometer (Multiskan Go,
Thermo scientific, Breda, The Netherlands). Antibody titers were calculated based on log2
values of the dilutions that gave extinction closest to 50% of EMAX, where EMAX represents
the mean of the highest extinction of the standard positive plasma samples, thereby partly
correcting for plate to plate differences (van der Klein et al., 2015).
Footpad dermatitis (FPD) for both feet was assessed in all dissected broilers at all days,
using the protocol of (Ekstrand et al., 1998). Macroscopic lesions were scored blind by trained
veterinarians either 0 (=no lesions, only mild hyperkeratosis, no discoloration or scars), 1 (=
mild lesions; superficial lesions, erosions, papillae and discoloration of the footpad), or 2 (=
severe lesions; deep lesions, ulcers, and scabs). The highest score from both feet was noted as
final score. A score 2 was only found once (d 35). Therefore, score 1 and 2 were merged and
scored 1 and classified as FPD positive.

Statistical analyses
All data were analyzed, using the statistical software package SAS (Version 9.4, SAS
institute, 2010). The basic model used for all data was
Yij = µ + ESTi + FEEDj + EST x FEEDij + eij, 					
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where, Yij = the dependent variable, µ = the overall mean, ESTi = eggshell temperature during
late incubation (i = 36.7°C or 37.8°C), FEEDj = feeding strategy (j = early or delayed), EST x
FEEDij = the interaction between EST during late incubation and feeding strategy, and eij =
the error term.
Pen was considered as the experimental unit for OPG and mortality data. Preliminary
analysis showed that survival lines in a Cox proportional hazard model (PhReg) crossed and
thus assumptions of overall homogeneity of survival distributions were not met. Alternatively,
percentage of broilers that died or culling percentage were both calculated per pen by summing
up the number of broilers that died or were culled PEI divided by the number of broilers
before Eimeria inoculation (20/pen) minus the number of broilers dissected for morbidity
scores at d 6 and 7 PEI (10/pen). Total mortality was calculated as the sum of broilers that died
PEI and were culled PEI.
All remaining data was collected for individual broilers, but pen was still considered as
the experimental unit by extending model 1 with pen (1-32) as a random factor. Sex was added
to model 1 as fixed factor. Besides, sex and treatment interactions were added (sex x EST, sex
x FEED, sex x EST x FEED). Preliminary statistical analysis did not show significant effects
of sex x EST or sex x EST x FEED for any of the variables and therefore these interactions
were deleted from the model. A significant interaction between sex x FEED was only found
for FPD at d 6 PEI and sex x FEED was therefore added to model 1 for this single dependent
variable only. In all other cases, interactions between sex and FEED were also excluded from
the model.
The PROC MIXED procedure was used to analyze mortality data (died, culled, total
mortality), changes in BW (BW, ADG), OPG, and natural antibodies. Model assumptions
were verified by inspection of residual plots and not normally distributed data were log
transformed. For BW during d 0 to 10 PEI, broiler was the repeated subject and model 1
was extended with day and the interactions between day and EST, day and FEED, and day
and sex. Covariance structure was selected based on best model fit according to smallest
Akaike’s information criteria, resulting in a toeplitz covariance structure. Data is expressed
as LSmeans ± SEM. Tukey adjustments for multiple comparisons were used to compare least
square means. A P-value ≤0.05 was considered as significant and a P-value >0.05 and ≤ 0.10
as a tendency.
The PROC GLIMMIX procedure was used to analyze severity and incidence of NE
lesions, coccidiosis, dysbacteriosis, and FPD. Severity scores were analyzed with a multinomial
cumulative logit link function in model 1. Incidence was analyzed with a binary logit link
function in model 1. For NE incidence, day (6, 7, 14 PEI) was added as a fixed factor to
model 1 and the veterinarian that performed the observation as a random factor. For FPD,
bodyweight was added as a covariate. Data is expressed as mean ± SE. A P-value ≤0.05 was
considered as significant and a P-value >0.05 and ≤ 0.10 as a tendency.
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RESULTS
Mortality
Total mortality PEI (dead + culled) was on average 17.5% (N= 56), from which 15.3%
occurred within 1 wk PEI. The percentage of dead or culled broilers PEI did not show an
interaction between EST and feeding strategy (Table 1; P≥0.28), nor a main effect of EST
(P≥0.48) or feeding strategy (P≥0.11). Total mortality PEI also did not show an interaction
between EST and feeding strategy (P=0.46), nor showed a main effect of EST (P=0.68).
However, early feeding tended to result in a lower total mortality PEI compared to delayed
feeding (∆=6.6%; P=0.06).
Table 1. Effect of eggshell temperature (EST) during late incubation (≥embryonic day 17 – 19.5; 37.8°C (control)
or 36.7°C (lower)) and/or feeding strategy after hatch (immediate access to feed and water (early) or 51-54 h
deprivation (delayed) on mortality of broilers during 2 wks following necrotic enteritis induced at d 21 post hatch
(LSmeans ± SEM).
N1

Died (%)

Culled (%)

Total mortality2 (%)

Control

16

9.9

4.9

14.8

Lower

16

15.0

3.1

18.1

2.75

1.76

3.12

2.6

13.1

EST

SEM
Feeding strategy
Early

16

10.6

Delayed

16

14.3

5.4

19.7

2.75

1.76

3.12

SEM
EST x Feeding strategy
Control x Early

8

7.9

2.5

10.4

Control x Delayed

8

11.9

7.3

19.2

Lower x Early

8

13.3

2.6

15.9

Lower x Delayed

8

16.7

3.5

20.2

3.89

2.49

4.38

SEM
P-values

1
2

EST

0.56

0.48

0.68

Feeding strategy

0.11

0.39

0.06

EST x Feeding strategy

0.28

0.47

0.46

Number of pens.
Total mortality = died + culled.
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Body weight changes

5

Regardless of the day PEI, BW did not show an interaction between EST and feeding
strategy (P=0.30), nor showed a main effect of EST (Figure 1A; P=0.37). Early feeding resulted
in higher BW at all days compared to delayed feeding (Figure 1B; P=0.04). Males had higher
BW compared to females at any d PEI (P<0.01; data not shown).
Regardless of the day PEI, ADG did not show an interaction between EST and feeding
strategy (P=0.13), nor a main effect of feeding strategy (Figure 2B; P=0.49). Lower EST
resulted in a lower ADG at d 5 and 8 PEI (Figure 2A; P=0.02 both days) and tended to result in
a lower ADG at d 6 PEI (P=0.06) compared to control EST. Males had higher ADG compared
to females at any day PEI (P<0.01; data not shown).
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Figure 1. A) Effect of eggshell temperature (EST) during late incubation (≥embryonic day 17 – 19.5; 37.8°C (control)
or 36.7°C (lower)) or B) effect of feeding strategy after hatch (immediate access to feed and water (early) or 5154 h deprivation (delayed) on broiler BW during 10 days post Eimeria inoculation (d 21 post hatch) to induce
necrotic enteritis (N=16 pens / treatment). An asterisk (*) indicates significant difference (P<0.05) between LSmeans
of treatments within day post Eimeria inoculation. Error bars indicate standard error.
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Figure 2. A) Effect of eggshell temperature (EST) during late incubation (≥embryonic day 17 – 19.5; 37.8°C (control)
or 36.7°C (lower)) or B) effect of feeding strategy after hatch (immediate access to feed and water (early) or 51-54
h deprivation (delayed) on broiler average daily gain during 13 days post Eimeria inoculation (d 21 post hatch) to
induce necrotic enteritis (N=16 pens / treatment). An asterisk (*) indicates significant difference (P<0.05) between
LSmeans of treatments within day post Eimeria inoculation and a hashtag (#) indicates a tendency to differ (P<0.10).
Error bars indicate standard error.
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Necrotic enteritis lesions
NE lesion severity was worse on d 6 PEI compared to d 7 PEI (∆=1.0 score; P<0.01)
respectively). Neither on d 6 PEI nor on d 7 PEI, severity of NE lesions showed an interaction
between EST and feeding strategy (Table 2; P≥0.31) nor a main effect of EST (P≥0.46) or
feeding strategy (P≥0.43). NE incidence was on average 84.4%, which was similar on d 6 and
7 PEI (P=0.27) and did not show an interaction between EST and feeding strategy (P=0.31),
nor show a main effect of EST (P=0.51) or feeding strategy (P=0.14). At d 7 PEI, males
tended to have more severe NE lesions compared to females (∆=0.4 score; P=0.09) , but at d
6 PEI severity of NE lesions was not different between sexes (P=0.26). NE incidence was not
different between sexes (P=0.83).
Table 2. Effect of eggshell temperature (EST) during late incubation (≥embryonic day 17 – 19.5; 37.8°C (control) or
36.7°C (lower)) and/or feeding strategy after hatch (immediate access to feed and water (early) or 51-54 h deprivation
(delayed) on necrotic lesions in the small intestine of broilers at d 6 or 7 post Eimeria inoculation (d 21 post hatch)
to induce necrotic enteritis (mean ±SE).
NE severity (score 0-6)
day post Eimeria inoculation2

NE incidence3
(%)

N1

6

7

Control

16

3.8 ±0.24

3.0 ±0.16

82.9 ±3.05

Lower

16

4.0 ±0.23

2.8 ±0.15

85.4 ±2.87

Early

16

3.9 ±0.22

2.9 ±0.14

87.7 ±2.65

Delayed

16

3.9 ±0.25

2.8 ±0.17

80.5 ±3.24

Control x Early

8

3.6 ±0.34

2.9 ±0.20

84.2 ±4.18

Control x Delayed

8

4.0 ±0.33

3.0 ±0.25

81.6 ±4.45

Lower x Early

8

4.2 ±0.28

2.9 ±0.20

91.0 ±3.24

Lower x Delayed

8

3.8 ±0.37

2.6 ±0.23

79.5 ±4.73

EST

0.91

0.46

0.51

Feeding strategy

0.87

0.43

0.14

EST x Feeding strategy

0.50

0.31

0.31

Sex

0.26

0.09

0.83

EST

Feeding strategy

EST x Feeding strategy

P-values

Number of pens.
2
5 broilers / pen / day.
3
Broilers with lesion scores of 2 or more were classified as NE positive.
1
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Coccidiosis
Neither on the day of Eimeria inoculation, nor on d 6 PEI or d 7 PEI, severity (TMLS)
or incidence (%) of coccidiosis showed an interaction between EST and feeding strategy
(Table 3; P≥0.34), nor a main effect of EST (P≥0.23) or feeding strategy (P≥0.58). At d 14 PEI,
lower EST resulted in a lower coccidiosis severity (∆=0.3 TMLS; P=0.01) and tended to result
in a lower coccidiosis incidence (∆=15.7%; P=0.09) compared to control EST. Severity and
incidence of coccidiosis at d 14 PEI both did not show an interaction between EST and feeding
strategy (P≥0.30), nor a main effect of feeding strategy (P≥0.20). There was no difference in
severity or incidence of coccidiosis between sexes (P≥0.27).

Neither on the day of Eimeria inoculation nor on d 14 PEI, severity or incidence (%) of
dysbacteriosis showed an interaction between EST and feeding strategy (Table 4; P≥0.34), nor
a main effect of EST (P≥0.40) or feeding strategy (P≥0.25). There was no difference in severity
or incidence of dysbacteriosis between sexes on either dissection days (P≥0.63).

Oocyst shedding
Neither one day before Eimeria inoculation nor at d 5 PEI , E. Maxima OPG was found
in any of the pens. E. Maxima OPG at d 8 PEI did not show an interaction between EST and
feeding strategy (Figure 3; P=0.79), nor a main effect of feeding strategy (P=0.87), but lower
EST resulted in a higher E. Maxima OPG at d 8 PEI compared to control EST (∆=32,638 ±
4117 OPG; P<0.01).

Figure 3. Effect of eggshell temperature (EST) during late incubation (≥embryonic day 17 – 19.5; 37.8°C (control) or
36.7°C (lower)) and/or feeding strategy after hatch (immediate access to feed and water (early) or 51-54 h deprivation
(delayed) on E. Maxima oocyst per gram feces (OPG) at d 8 post Eimeria inoculation (d 21 post hatch) to induce
necrotic enteritis (N=16 pens / treatment). a-b Least squares means within a factor lacking a common superscript
differ (P<0.05). Error bars indicate standard error.
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16

8

8

8

Control x Delayed

Lower x Early

Lower x Delayed

0.87
0.34
0.31

Feeding strategy

EST x Feeding strategy

Sex

0.57

0.85

0.79

0.68

4.1 ±0.36

4.0 ±0.30

3.8 ±0.35

3.7 ±0.33

4.0 ±0.25

3.8 ±0.22

4.1 ±0.23

3.8 ±0.24

6

0.90

0.53

0.99

0.34

3.1 ±0.32

3.2 ±0.26

2.9 ±0.26

2.8 ±0.30

3.0 ±0.21

3.0 ±0.20

3.2 ±0.21

2.8 ±0.20

7

1

a-b

0.39

0.30

0.38

0.01

0.8 ±0.10

0.5 ±0.10

1.0 ±0.12

1.0 ±0.16

0.9 ±0.08

0.8 ±0.10

0.77

0.80

0.58

0.79

92.0 ±5.43

85.7 ±13.23

84.4 ±6.02

86.1 ±5.76

87.7 ±4.13

86.0 ±5.28

0.84

0.61

0.92

0.46

97.4 ±2.60

94.9 ±3.53

89.5 ±4.98

94.7 ±3.62

93.4 ±2.84

94.8 ±2.53

96.1 ±2.21

90.6 ±5.15

0.6 ±0.07

92.1 ±3.09

85.3 ±4.17

6

b

0

0.9 ±0.10a

14

0.27

0.57

0.59

0.35

94.3 ±3.92

97.4 ±2.53

92.1 ±4.37

92.1 ±4.37

93.2 ±2.96

94.8 ±2.53

96.0 ±2.29

92.1 ±3.09

7

day post Eimeria inoculation4

day post Eimeria inoculation4

Means within a column and factor lacking a common superscript differ (P<0.05).
Number of pens.
2
TMLS= Total mean lesion score. Sum of coccidiosis score for E. Acervulina, E. Maxima, E. Tenella.
3
Broilers with TMLS of 1 or more were classified as coccidiosis positive.
4
In total 100, 153, 150, and 161 broilers for d 0, 6, 7, and 14, respectively.

0.23

2.0 ±0.24

1.6 ±0.40

2.1 ±0.24

2.4 ±0.26

2.0 ±0.17

2.2 ±0.23

EST

P-values

8

Control x Early

EST x Feeding strategy

16

1.9 ±0.21

16

Delayed

2.2 ±0.18

0

16

Early

Feeding strategy

Lower

Control

EST

N1

Coccidiosis incidence3 (%)

Coccidiosis severity (TMLS2 0-12)

0.54

0.38

0.20

0.09

65.0 ±7.54

43.9 ±7.75

72.5 ±7.06

67.5 ±7.41

68.8 ±5.18

55.6 ±5.52

54.3 ±5.53

70.0 ±5.12

14

Table 3. Effect of eggshell temperature (EST) during late incubation (≥embryonic day 17 – 19.5; 37.8°C (control) or 36.7°C (lower)) and/or feeding strategy after hatch
(immediate access to feed and water (early) or 51-54 h deprivation (delayed) on coccidiosis of broilers at d 0, 6, 7, or 14 post Eimeria inoculation (d 21 post hatch) to induce
necrotic enteritis (mean ±SE).
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Table 4. Effect of eggshell temperature (EST) during late incubation (≥embryonic day 17 – 19.5; 37.8°C (control)
or 36.7°C (lower)) and/or feeding strategy after hatch (immediate access to feed and water (early) or 51-54 h
deprivation (delayed) on dysbacteriosis of broilers at d 0 or 14 post Eimeria inoculation (d 21 post hatch) to induce
necrotic enteritis (mean ±SE).
Dysbacteriosis severity (score 0-10)

Dysbacteriosis incidence2 (%)

day post Eimeria inoculation3

day post Eimeria inoculation3

N

0

14

0

14

N

6

14

6

14

Control

16

2.9 ±0.15

2.8 ±0.15

33.8 ±5.80

33.8 ±5.29

Lower

16

2.8 ±0.19

2.9 ±0.14

21.9 ±7.31

35.8 ±5.33

Early

16

2.7 ±0.19

2.9 ±0.15

25.6 ±6.65

35.8 ±5.33

Delayed

16

3.0 ±0.14

2.9 ±0.14

33.3 ±6.33

33.8 ±5.29

Control x Early

8

2.7 ±0.21

2.9 ±0.22

27.8 ±7.47

37.5 ±7.65

Control x Delayed

8

3.2 ±0.19

2.8 ±0.21

40.6 ±8.86

30.0 ±7.25

Lower x Early

8

2.7 ±0.39

2.8 ±0.21

14.3 ±13.23

34.1 ±7.41

Lower x Delayed

8

2.8 ±0.21

3.0 ±0.19

24.0 ±8.54

37.5 ±7.65

EST

0.44

0.40

0.88

0.98

Feeding strategy

0.25

0.30

0.94

0.66

EST x Feeding strategey

0.91

0.34

0.44

0.53

Sex

0.95

0.95

0.63

0.89

1
1

EST

5

Feeding strategy

EST x Feeding strategy

P-values

Number of pens.
Broilers with score of 3 or more were classified as dysbacteriosis positive.
3
In total 100 and 161 broilers for d 0 and 14, respectively.
1
2

Natural antibodies
IgM NAb titer on the day of inoculation, d 6 PEI, and d 14 PEI neither showed an
interaction between EST and feeding strategy (Table 5; P≥0.14), nor a main effect of EST
(P≥0.75) or feeding strategy (P≥0.74). At d 6 PEI, males tended to show higher IgM NAb titer
compared to females (∆=0.5 titer; P=0.06) and at d 14 PEI, IgM NAb titer was higher in males
compared to females (∆=0.8 titer; P<0.01).
IgY NAb titer at d 6 PEI showed an interaction between EST and feeding strategy (Table
5; P=0.04). Early feeding resulted in a higher IgY NAb titer compared to delayed feeding if
incubated at lower EST (∆=0.6 titer), but not if incubated at control EST. IgY NAb titer on
the day of Eimeria inoculation and at d 14 PEI did not show an interaction between EST and
feeding strategy (P≥0.28), nor a main effect of EST (P≥0.41) or feeding strategy (P≥0.60).
There was no difference in IgY NAb titer between sexes at any dissection day (P≥0.71).
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Table 5. Effect of eggshell temperature (EST) during late incubation (≥embryonic day 17 – 19.5; 37.8°C (control) or
36.7°C (lower)) and/or feeding strategy after hatch (immediate access to feed and water (early) or 51-54 h deprivation
(delayed) on IgM and IgY natural antibody (NAb) titer against keyhole limpet hemocyanin of broilers at d 0, 6, or 14
post Eimeria inoculation (d 21 post hatch) to induce necrotic enteritis (LSmeans ± SEM).

N

1

IgM

IgY

day post Eimeria inoculation2

day post Eimeria inoculation2

0

6

14

0

6

14

EST
Control

16

1.6

2.6

4.1

0.9

1.1

3.0

Lower

16

1.6

2.5

4.1

0.7

1.1

3.1

0.2

0.2

0.2

0.2

0.1

0.3

SEM
Feeding strategy
Early

16

1.5

2.6

4.2

0.8

1.2

3.1

Delayed

16

1.7

2.6

4.1

0.8

1.1

3.1

0.3

0.2

0.2

0.2

0.1

0.3

SEM
EST x Feeding strategy
Control x Early

8

1.6

2.3

4.4

1.0

1.0ab

3.0

Control x Delayed

8

1.5

3.0

3.9

0.8

1.3

3.1

Lower x Early

8

1.4

2.9

4.0

0.5

1.4a

3.1

Lower x Delayed

8

1.9

2.2

4.3

0.9

0.8

3.0

0.4

0.3

0.3

0.2

0.2

0.4

EST

0.99

0.75

0.93

0.41

0.71

0.90

Feeding strategy

0.91

0.99

0.74

0.60

0.42

0.98

EST x Feeding strategy

0.39

0.17

0.14

0.28

0.04

0.70

Sex

0.69

0.06

<0.01

0.78

0.87

0.71

SEM

ab

b

P-values

3

Least squares means within a column and factor lacking a common superscript differ (P<0.05).
1
Number of pens.
2
In total 48, 51, and 57 broilers for d 0, 6, and 14, respectively.
3
Titer 4.5 and 3.7 ±0.20 for males and females, respectively.
a-b

Footpad dermatitis
FPD incidence at d 6 PEI showed an interaction between sex and feeding strategy
(Table 6; P=0.04). Early fed females had lower FPD incidence compared to delayed fed
females (∆=13.0%; data not shown), whilst early and delayed fed males did not differ in FPD
incidence at this day. FPD indidence at d 6 PEI did not show an interaction between EST and
feeding strategy (P=0.68), nor a main effect of EST (P=0.31). FPD incidence at d 7 PEI did not
show an interaction between EST and feeding strategy (P=0.73), nor a main effect of feeding
strategy (P=0.14). FPD incidence at d 7 PEI tended to be higher in control EST compared

118

EST & EARLY FEEDING: INTESTINAL RESILIENCE

to lower EST (∆=15.5%; P=0.09). On the day of Eimeria inoculation and at d 14 PEI, FPD
incidence did not show an interaction between EST and feeding strategy (P≥0.56), nor a main
effect of EST (P≥0.13) or feeding strategy (P≥0.17). There was no difference in FPD incidence
between sexes at the day of Eimeria inoculation, and at d 7 PEI or d 14 PEI (P≥0.20).
Table 6. Effect of eggshell temperature (EST) during late incubation (≥embryonic day 17 – 19.5; 37.8°C (control) or
36.7°C (lower)) and/or feeding strategy after hatch (immediate access to feed and water (early) or 51-54 h deprivation
(delayed) on average footpad dermatitis (FPD) incidence of broilers at d 0, 6, 7, or 14 post Eimeria inoculation (d 21
post hatch) to induce necrotic enteritis (mean ±SE).
FPD
(%)2
day post Eimeria inoculation3
N

0

6

7

14

Control

16

14.9 ±4.35

19.7 ±4.57

26.3 ±5.05

36.3 ±5.33

Lower

16

0.0 ±0.00

10.4 ±3.48

10.8 ±3.61

21.0 ±4.52

1

5

EST

Feeding strategy
Early

16

2.3 ±2.30

13.0 ±3.83

11.7 ±3.66

21.0 ±4.52

Delayed

16

16.1 ±4.91

17.1 ±4.32

26.0 ±5.14

36.3 ±5.33

EST x Feeding strategy
Control x Early

8

2.8 ±2.74

18.4 ±6.29

18.4 ±6.29

30.0 ±7.25

Control x Delayed

8

29.0 ±8.15

21.1 ±6.61

34.2 ±7.70

42.5 ±7.75

Lower x Early

8

0.0 ±0.00

7.7 ±4.27

5.1 ±3.53

12.2 ±5.11

Lower x Delayed

8

0.0 ±0.00

13.2 ±5.48

17.1 ±6.37

30.0 ±7.25

EST

0.98

0.31

0.09

0.13

Feeding strategy

0.99

0.65

0.14

0.17

EST x Feeding strategy

0.99

0.68

0.73

0.56

Sex

0.20

0.42

0.68

0.50

Body weight

0.48

0.82

0.32

0.11

Sex x Feeding strategy

n.a.

0.04

n.a.

n.a.

P-values

Number of pens.
2
Broilers with score of 1 or 2 were classified as FPD positive.
3
In total 99, 153, 150, and 161 broilers for d 0, 6, 7, and 14, respectively.
differ (P<0.05).
1
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DISCUSSION
The aim of this study was to investigate whether or not broiler resilience could be
affected by EST during late incubation and/or by feeding strategy immediately post hatch.
Resilience was defined in this study as the capability to absorb environmental disturbances
and reorganize with minimal loss of function, according to Folke et al. (2010). Therefore, NE
was induced at d 21 post hatch to model an environmental disturbance and loss of function
was determined by measuring mortality and changes in BW. Disease morbidity measures
were also determined, but as discussed in the following paragraphs, it is rather difficult to
draw conclusions about resilience based on these morbidity measures.

Necrotic enteritis model
Regardless of treatments, the disturbance model successfully induced NE. After Eimeria
inoculation, clinical symptoms of disease were observed and mortality and a severe reduction
in ADG occurred. An overall NE incidence of 84.1% was found with NE lesion scores of 3.9
and 2.8 out of 6 at d 6 and 7 PEI respectively. Additionally, an increase of E. Maxima oocysts
shed in the feces at d 8 PEI was seen. Remarkably, no increase in feces oocysts of E. Acervulina
and E. Mitis was found, while both species were also inoculated. Likely, the predicted increase
in oocysts shedding of these two species remained absent, because oocysts of both species
were already found in feces prior to Eimeria inoculation. It was shown before that chickens
can develop immunity to Eimeria (Jeurissen et al., 1996). However, although the presence
of E. Acervulina and E. Mitis species prior to Eimeria inoculation may have affected the NE
disease response, NE was still clearly induced successfully after inoculation of Eimeria at d 21.
The NE disease model induced mortality (17.5%) and a clear disturbance pattern in
growth performance with a gradual drop in ADG up to 80 g during 3 to 4 days PEI. This makes
the current NE disease model suitable to study broiler resilience, because loss of function can
be determined through mortality rates and the speed and extension at which broilers dropped
their BW. Remarkably, ADG sharply increased thereafter within 1 d back to pre-inoculation
level. Because of this rapid recovery, it is hard to draw conclusions on possible differences in
recovery speed. Recovery speed is also regarded as part of resilience, as ‘reorganization’ is part
of the resilience definition (Folke et al., 2010). A different disease model that induces a disease
with a slower recovery speed may give better insights in kinetics of reorganization after a
disturbance. However, the rapid recovery in the current study may also indicate that broilers
at this age are relatively resilient animals in terms of recovery speed. Results from the current
study are representative for 4 wk old broilers of an old breeder flock and may help to manage
NE, the most common disease in the poultry industry which occurs mainly around that age
(Dahiya et al., 2006; Jones et al., 2019).
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This study was the first study to investigate a possible interaction between prenatal
thermal conditions and early feeding. It was hypothesized that EST and feeding strategy
may interact with each other as EST may for instance affect embryo development in such
a way that a newborn chick is better prepared for exogenous feed intake at hatch moment
and consequently, the optimal combination of factors during neonatal life may affect broiler
resilience in later life. The hypothesis was not confirmed as no interaction was found in the
majority of the parameters. No difference in mortality, BW changes, or disease morbidity
parameters were found with the exception of natural antibodies binding to keyhole limpet
hemocyanin. At d 6 PEI, early fed broilers had a higher average NAb IgY titer compared to
delayed fed broilers if these broilers were incubated at lower EST but not if they were incubated
at control EST. At first instance the finding of only one significant interaction between EST
and feeding strategy might not seem a very strong result, because the interaction was not
consistently shown at other ages and occurred only in IgY but not in IgM isotype. However,
the interaction was found at d 6 PEI at which the worst diseased state seemed to occur and
may therefore only be manifested in a severely diseased state. The fact that differences were
only found in IgY isotype and not IgM may be explained by the inflammatory immune
responses that occur during NE, whereas Isotype IgY antibodies are strongly involved in the
release of inflammatory mediators. So, the current finding of an interaction between EST
and feeding strategy on NAb IgY titre at d 6 PEI is a minor indication that these two factors
may interfere on a broilers immune system and as of yet, it is unknown whether or not EST
during late incubation interacts with early moment of feeding post hatch. For future studies
it might be interesting to investigate other EST patterns rather than the lower EST during
late incubation from the current study. Prior to the current study we hypothesized that EST
may perhaps affect embryo development in such a way that the neonatal chick could benefit
optimally from immediate access to feed and water after hatch, for instance via altering
intestinal morphology or digestive enzyme activities. However, the lower EST during late
incubation in the current study may not have stimulated these parts of embryogenesis such
that the hypothesized mechanism of interaction did not occur. This is supported by findings
that a lower EST during late incubation impairs embryo development (Wijnen et al., 2020a 2020b - 2022) instead of improving it (Wineland et al., 2001; Maatjens et al., 2016) or perhaps
the only effect was a slower development of the embryo (Willemsen et al., 2010b).

EST
The current study showed that broiler resilience during later life appears to be modulated
by EST during late incubation. Broilers incubated at a lower EST of 36.7°C during late
incubation seemed to have impaired resilience, as they showed more difficulties coping with
NE compared to broilers incubated at a control EST of 37.8°C. This impairment in resilience
was especially shown by the ADG pattern. The first 4 days PEI, ADG was similar between
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both EST groups and was not yet affected to a large extent by Eimeria inoculation. During
the following 3 days thereafter, ADG was declining in both EST treatments, but the decline
was larger in the lower EST group (from approximately 90 g/d to 10 g/d) compared to the
control EST group (approx. 90 g/d to 40 g/d), with a significant difference at d 5 and d 8
and a tendency at d 6 PEI (P=0.06). Besides, the lower EST group reached their lowest ADG
after Eimeria inoculation 1 d earlier and maintained at this low level 1 d longer compared to
the control EST group. Lower EST incubated broilers also seemed to shed more oocysts in
their feces, indicated by a higher E. Maxima OPG at d 8 PEI. To the author’s knowledge, no
other studies were published yet that investigated the effect of a lower incubation temperature
during late incubation on broiler resilience. Nevertheless, current finding that EST might
affect broiler resilience in later life is somewhat supported by two other studies, which found a
higher mortality rate during the growing phase in broilers incubated at a lower late incubation
temperature (Wijnen et al., 2020a; Jabbar et al., 2020).
Meanwhile, lower EST incubated broilers did not show a lower incidence or severity of
morbidity parameters compared to control EST broilers. In fact, lower EST broilers had less
severe clinical signs of coccidiosis at 2 wks PEI. This could be interpreted as a faster recovery
of lower EST broilers, indicating improved resilience and this may appear contradictory to
conclusions based on ADG. However, incidence and severity of morbidity can change rapidly
over time and can vary even between consecutive days (Gholamiandehkordi et al., 2007;
Timbermont et al., 2010). For instance, in the current study, NE lesion score was significantly
higher on d 6 compared to d 7 PEI. It is possible that the development of morbidity over
time varied between treatment groups. In such cases, conclusions about broiler resilience by
looking at morbidity parameters at separate time points should be drawn with care, because
it remains unclear what phase of functional loss was studied.

Feeding strategy
Early feeding tended (P=0.06) to lower total mortality after NE induction compared
to delayed feeding (∆=6.6%). Death can be regarded as the ultimate ‘loss of function’ as
these broilers were unable to ‘reorganize’ after the disturbance. Therefore, this tendency is an
indication that resilience in later life might be improved by early feeding.
Meanwhile, no difference was found between early and delayed fed broilers in the
number of shed Eimeria oocysts and severity or incidence of NE lesions, coccidiosis, and
dysbacteriosis. As discussed before, morbidity measures can provide useful information to
study disease severity and incidence at specific timepoints. These morbidity measures may,
however, be somewhat misleading when studying resilience, because pathogenesis can rapidly
change over time and can vary significantly between consecutive days, meaning that essential
information about loss of function can be missed if measurements are performed only at
specific time points. A more convincing support of possible effects of feeding strategy on
resilience was expected to be found in changes in BW after NE. Despite consistently higher
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bodyweights of early fed broilers after onset of NE, the difference in BW between early and
delayed fed broilers remained the same over time. Additionally, loss of ADG after onset of NE
was similar between both feeding groups. This indicates that feeding strategy had no effect on
the loss of function and therefore broiler resilience to NE in the 4th wk of life seems unaffected.
Perhaps no differences in changes in BW were found because only surviving broilers were
included in these analyses. The delayed feeding treatment tended to have higher mortality and
likely dying broilers had the largest losses in BW. However, additional analysis on BW change,
including the broilers that died, showed comparable results to those currently presented.
Feeding strategy might have an effect on broiler resilience that is more clearly pronounced
during the first two to three wks post hatch. For instance, (Ao et al., 2012) also induced NE,
but instead they inoculated Eimeria at d 9 post hatch and they showed that early fed broilers
had increased resilience to NE in terms of growth performance. In the current study, NE was
induced at d 21 post hatch and resilience was subsequently determined during the fourth wk
of life. It could be that delayed fed broilers showed compensatory development, meaning that
potential differences between early and delayed feeding strategy were not clearly pronounced
in changes in BW. Studies showed that although full compensation was not observed, delayed
fed broilers do indeed show compensatory BW gain to some extent (Juul-Madsen et al., 2004;
Ao et al., 2012; Lamot et al., 2014; de Jong et al., 2017; Hollemans et al., 2018). Moreover, the
majority of differences in immune response that were found between early and delayed fed
broilers seems to diminish after 3 wks post hatch (Shira and Sklan, 2005; Simon et al., 2014;
Hollemans et al., 2020). Hollemans et al. (Hollemans et al., 2020) also found no indication of
different later life resilience between early and delayed fed broilers. In the latter study, early
and 72 h delayed fed broilers of a prima breeder flock were challenged by housing them in
poor sanitary conditions.
Early fed females had a lower incidence of FPD at d 6 PEI compared to delayed fed
females (∆=13.0%; P=0.04), whereas this difference was not found in males. Prevalence of
FPD is predisposed by wet litter (Martland, 1985; Mayne, 2005) and wet litter can be a result
of abnormal fecal droppings caused by intestinal problems. In such a case, a lower incidence
of FPD in early fed females could be an indirect indicator of improved resilience. However,
in the current study no indications of a difference in gut health between early and delayed
fed broilers were found as coccidiosis and dysbacteriosis scores were similar between both
treatments. Moreover, the difference in FPD was not very consistent as it was observed only on
a single collection moment and only in females. Nevertheless, several other studies also found
similar indications that early feeding, as factor of on-farm hatching, may reduce FPD as well as
mortality rate during grow out (de Jong et al., 2019, 2020; Giersberg et al., 2021; Jessen et al.,
2021). It should be noted though that effects of on farm hatching cannot only be attributed to
early feeding but may be confounded with other factors such as transportation of eggs instead
of day-old chicks or EST during the last days of incubation on the farm. Perhaps early feeding
acts on FPD and mortality via a mechanism that is not expressed in BW changes. For instance,
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early feeding may alter broiler activity levels, drinking behaviour, or nutritional needs, which all
are factors that can also affect litter moisture content (Shepherd and Fairchild, 2010). Future
studies could perhaps investigate which predisposing factor altered FPD incidence between
early and delayed fed broilers and thereby gather new insights on possible later life effects of
early feeding.

CONCLUSION
It can be concluded that EST during late incubation did not interact with feeding strategy
on broiler resilience to NE at 4 wks of age in broilers of an old breeder flock. Indications were
found that both a lower EST of 36.7°C during late incubation and 51-54 h delayed feeding
each may impair later life resilience compared to control EST of 37.8°C and immediate access
to feed and water after hatch. However, differences between treatments were not manifested
consistently in the multiple parameters that were measured and therefore these conclusions
are drawn with some restraint.
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ABSTRACT
Colibacillosis is a poultry disease that negatively affects welfare and causes economic
losses. Treatment with antibiotics raises concerns on antimicrobial resistance. Consequently,
alternative approaches to enhance poultry resilience are needed. Access to feed and water
directly after hatch (early feeding) may enhance resilience at later ages. Additionally, a high
eggshell temperature (EST) during mid incubation may improve chick quality at hatch,
supporting potential positive effects of early feeding. Effects of EST [37.8°C (control) or 38.9°C
(higher)] during mid incubation (embryo days 7 – 14) and feeding strategy (early feeding or
48 hours delayed feeding) were tested in a 2 x 2 factorial arrangement. At hatch, ̴ 1800 broilers
were divided over 36 pens and grown for 6 weeks. At day 8 post hatch, avian pathogenic E.
coli (APEC) was inoculated intratracheally as model to investigate broiler resilience against
respiratory diseases. Incidence and severity of colibacillosis, local infection, and systemic
infection were assessed at 6 moments between 3 hours and 7 days post inoculation. Broilers
were weighed daily during 13 days post inoculation and weekly thereafter. At higher EST,
early feeding resulted in higher incidence of systemic infection compared to delayed feeding
whereas at control EST, systemic infection was not different between feeding strategies.
Regardless of EST, early compared to delayed feeding resulted in lower incidence of local
infection, fewer BW deviations, and higher growth until day 35. In conclusion, early feeding
could be considered as a strategy to enhance broiler resilience, but only when EST is not too
high.
Keywords: broiler resilience, incubation, eggshell temperature, early feeding, delayed feeding,
Escherichia coli, colibacillosis, APEC
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Colibacillosis is a common poultry disease caused by infection with avian pathogenic
Escherichia coli (APEC). Poultry that suffer from a local APEC infection often show lesions in
their respiratory tract and in case of a systemic infection, severe cardiac and hepatic lesions
can occur (Gross, 1956). Consequently, poultry health and welfare are impaired and profit
is reduced (Yogaratnam, 1995; Matthijs et al., 2017). Vaccination against this disease shows
ambiguous results and treatment with antibiotics can contribute to the rise of antimicrobial
resistant E. coli strains posing a serious threat for human health (van den Bogaard et al., 2001).
Therefore, the poultry industry is searching for alternative approaches to cope with infectious
diseases, like colibacillosis, for instance by enhancing animal resilience. Resilience can be
defined as the capacity of an animal to deal with environmental disturbances and/or recover
with minimal loss of function (Folke et al., 2010). In case the environmental disturbance
concerns an infectious disease, a resilient broiler has a lower chance to become infected and,
once it does get infected, it will show a milder drop in function (e.g. growth rate) and it will
recover faster than a less-resilient broiler.
Resilience of poultry may be enhanced by optimizing perinatal conditions, such as the
provision of feed and water directly after hatch, referred to as ‘early feeding’ (Roberts et al.,
1928). In common practice, chicks have first access to feed and water upon arrival at the farm.
Upon arrival, chicks are 36 to 48 hours of age or even older due to variation in hatch and
pull time, processing, and transport duration (Careghi et al., 2005). Withholding chicks from
feed and water during this period seems to result in suboptimal neonatal chick development,
shown for instance by a loss in BW and impaired and/or delayed onset of immunocompetence
compared to early fed chicks (Noy and Sklan, 1999; Shira et al., 2005; Lamot et al., 2014;
Simon et al., 2014; Price et al., 2015; Wijnen et al., 2022). At later ages, early fed broilers
showed enhanced growth performance, lower mortality rate, and different immune responses
compared to delayed fed broilers (Juul-Madsen et al., 2004; Shira et al., 2005; Lamot et al.,
2016; de Jong et al., 2017). Consequently, it can be speculated that early feeding may enhance
disease resilience at later age as well. Some indications have been found that early fed broilers
have higher resilience to intestinal diseases compared to delayed fed broilers (Dibner et al.,
1998; Yi et al., 2005; Ao et al., 2012; Wijnen et al., 2021). However, studies investigating effects
of post-hatch feeding strategy on disease resilience are limited and resilience to respiratory
diseases, such as colibacillosis, have not been studied yet.
De Jong et al. (2017) concluded that effects of early feeding may be influenced by incubation
temperature. Incubation temperature affects embryo development and consequently chick
quality at hatch. Too high or too low incubation temperature can negatively affect gut
morphology and digestive enzyme activity in newborn chicks (Wineland et al., 2006; Barri et
al., 2011; Wijnen et al., 2020b) and it can be speculated that this might result in difficulties to
digest and absorb first exogenous feed. Incubation temperature is most accurately reflected
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by eggshell temperature (EST), which in turn reflects embryo body temperature (French,
1997). An increase or decrease in EST will result in an increase or decrease of embryonic
metabolism, respectively, as embryos act poikilotherm during the major part of incubation
(Romijn & Lonkhorst, 1955; Dietz & van Kampen, 1994; French, 1997; Lourens et al., 2006;
Szdzuy et al., 2008). Currently, a constant EST of 37.8°C throughout incubation is considered
to result in most optimal embryo development and chick quality at hatch (Lourens et al.,
2005). However, Nangsuay et al. (2016) showed that an EST of 38.9°C from embryonic day
(E) 7 onwards resulted in a higher yolk free body mass (YFBM) up to E16 compared to a
constant 37.8°C EST. This may indicate enhanced embryo body development and chicks may
hatch with higher YFBM, less residual yolk, and advanced development of organs, such as the
gastrointestinal tract. Therefore, it can be hypothesized that a higher EST of 38.9°C during the
second week of incubation advanced chick quality at hatch and that a better chick quality at
hatch may enhance the proposed beneficial effects of early feeding on disease resilience.
This study evaluated whether or not broiler resilience to colibacillosis is affected by
mid-incubation temperature, post-hatch feeding strategy, and their interaction. Two midincubation temperatures (high vs control) and two post-hatch feeding strategies (early vs
delayed) were investigated with a two-by-two factorial design.

MATERIAL AND METHODS
An experiment was conducted between February and April 2021 at Wageningen
University & Research, the Netherlands. All experimental procedures were approved by the
Governmental Commission on Animal Experiments, The Hague, the Netherlands, approval
number: 2018.W-0020.002.

Experimental design
The experiment was set up as a 2 x 2 factorial arrangement with EST during mid
incubation and post-hatch feeding strategy as treatments. EST from E7 until E14 was set at
37.8°C (control) or at 38.9°C (higher). EST was 37.8°C for the remaining incubation periods
for both EST treatments. Post-hatch feeding strategy included access to feed and water directly
after hatch (early feeding) or 48 hours after hatch (delayed feeding).

Egg origin

A batch of hatching eggs from 1 house of a commercial 31-weeks-old Ross 308
broiler breeder flock were stored for 3 days at the broiler breeder farm (Boven-Leeuwen,
the Netherlands) before transport to a commercial hatchery (Lagerwey BV, Lunteren, the
Netherlands). Upon arrival at the hatchery, 10 egg trays with 150 eggs each were bulk weighed
to determine the average egg weight of the batch (58.4 g) and 3 equal weight classes were
made within 1.5 g of the average egg weight (56.9 - 57.9, 57.9 - 58.9, 58.9 - 59.9 g). Thereafter,
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all eggs from the initial batch were weighed individually until 746 first-grade hatching eggs
(clean, without hairline cracks or malformations) per weight class were selected (total 2,238
eggs). Eggs of each weight class were equally divided over 30 setter trays (type 150 Setter Tray,
HatchTech, Veenendaal, the Netherlands) to exclude potential effects of initial egg weight on
the study outcome (Wilson, 1991).

All 30 trays were set in one incubator (PicoClimer setter HT-150, HatchTech, Veenendaal,
the Netherlands) directly after indicated egg weighing procedures. Four EST sensors (NTC
Thermistors: type DC 95; Thermometrics, Somerset, UK) were attached to the equator of the
eggshell of 4 randomly chosen eggs, equally divided over the incubator, using silicone heat sink
compound (Type 340; Dow Corning, Midland, MI) and a small piece (approx. 1.5 x 1.5 cm) of
elastic permeable tape (Leukotape K, Essity, Hamburg, Germany). A 22-hour preincubation
warming profile was applied (adapted from van Roovert-Reijrink et al., 2018) meaning that
eggs were linearly warmed from room temperature to 27.8°C EST in 5 hours and from 27.8°C
to 37.8°C EST in 17 hours. The moment that eggs reached an EST of 37.8°C was considered
to be the start of incubation (E0). Until E7, incubator temperature was continuously adjusted,
based on the median temperature of the 4 EST sensors to aim at an EST of 37.8°C. Relative
humidity was maintained between 50 and 65%.
At E7, all setter trays were equally divided over 4 identical incubators (PicoClimer setter
HT-150, HatchTech, Veenendaal, the Netherlands). Two incubators were set at an EST of
37.8°C (control EST), whereas the other 2 incubators were set at an EST of 38.9°C (higher
EST). In the high EST treatment, EST setpoint was linearly increased over a 12 hour period.
Until E14, EST control in all four incubators was performed as described above. Relative
humidity was maintained between 40 and 55%.
At E14, all setter trays were collected from the 4 incubators and set in one incubator
(PicoClimer setter HT-150, HatchTech, Veenendaal, the Netherlands). Until E17+17 hours,
the EST was set at 37.8°C and controlled as described above. Relative humidity was maintained
between 40 and 45%.
During E0 to E17+17 hours, eggs were turned every hour by an angle of 35° from
horizontal and CO2 levels were maintained below 3,500 ppm. At E17+17 hours, all eggs
were candled. Clear eggs and eggs containing a dead embryo were opened to determine
fertility. Eggs containing a viable embryo (95.8% of fertile eggs at set) were transferred to
hatching baskets. Eggs were transferred to one hatcher basket per setter tray and all hatching
baskets were set in one incubator (PicoClimer hatcher HT-150, HatchTech, Veenendaal, the
Netherlands). Six EST sensors were attached to 6 randomly chosen eggs, equally divided over
the incubator, and incubator air temperature set point was manually adjusted if the average
of these 6 EST deviated from 37.8°C. After E19+12 hours, the incubator temperature was
fixed at the actual setting, and EST was allowed to change as chicks started to emerge from
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the eggshell. Relative humidity was maintained between 30 and 65% and CO2 levels were
maintained below 2,500 ppm.

Hatch and early feeding
From E19+12 hours onwards, every 3 hour the incubator was opened to check whether
or not chicks had hatched. Any chick that hatched was marked with a colored dot on its head,
using a permanent marker. After marking, chicks were placed back in their original hatcher
basket to dry. Within 3 to 12 hours after a chick was marked, it was pulled from the incubator
and classified either as a 2nd grade chick if any abnormality was observed (e.g. crossed beak,
blindness, exposed brains, >2 legs, exposed yolk) or as a 1st grade chick (all remaining chicks).
All 1st grade chicks were feather sexed, chick quality was determined (see data collection
section below), labelled with a plasticized paper neck tag (size 5 x 2 cm), and transferred
to hatcher baskets (HatchCare type, HatchTech, Veenendaal, the Netherlands). All baskets
were stored in one section of a HatchCare unit (HatchTech Veenendaal, the Netherlands)
until E21+13 hours. In half of these baskets (early feeding treatment), ad libitum starter diet
(diet details provided in ‘diet and vaccinations’ section below) and fresh water were provided.
The other half of the baskets had empty water gutters and feeding troughs (delayed feeding
treatment). Relative humidity was maintained between 25 and 75% and CO2 levels were
maintained below 2,000 ppm. At E21+13 hours, all baskets were transported in a climatecontrolled van designed for chick transportation (Chickliner, Renswoude, the Netherlands)
for approximately 30 min to the grow out facilities (Wageningen University, Wageningen, the
Netherlands).

Grow out

Layout. Upon arrival at the grow out facility (regarded as day 0), all 1st grade chicks
were randomly allocated to 36 floor pens (9 replicate pens / treatment), accounting for the
treatment and the sex (equal sex ratio within pen), resulting in 52 – 58 chicks per pen. Pens
were located in 3 neighboring rooms (12 pens / room) and within each room, 3 blocks of 4
pens each were formed. Treatments were randomly allocated within a block. Pen size was 200
x 100 cm, contained 7 drinking nipples with drip cups and had one feeder pan. The concrete
pen floor was covered with a 1-cm-thick layer of wood shavings. Broilers were grown for 6
weeks.
Delayed feeding. Pens from the delayed feeding treatment were temporarily divided with
hardboard into an unfed side and a fed side. Furthermore, in the delayed fed pens, all drinking
nipples were temporarily removed and a stand-alone drinker was provided in the fed side.
Sides were out of sight from each other. All broilers belonging to the delayed feeding groups
were first placed in the unfed side of the pen and each broiler was relocated individually to
the fed side of the pen between 48 - 54 hours after it had hatched. All broilers within the early
fed pens had access to the entire pen from placement onwards. Additionally, at placement, the
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wood shavings of all 36 pens were covered with cardboard to prevent any litter consumption
in the delayed feeding treatment. Hardboard (delayed fed pens) and cardboard (all pens)
were removed once the last broiler was relocated to the fed side and stand-alone drinkers
were exchanged for drinking nipples (delayed fed pens). Pen treatment was blinded from that
moment onwards.
Diet and vaccinations. Once fed, feed and water were provided ad libitum. A starter diet
(ME broiler = 2,850 kcal/kg, CP = 216.5 g/kg, digestible lysine = 11.01 g/kg) was provided
from hatch until day 10, a grower diet (ME broiler = 2,950 kcal/kg, CP = 201.3 g/kg, digestible
Lysine = 10.25 g/kg) from day 10 until 24, and a finisher diet (ME broiler = 2,999 kcal/kg,
CP = 188.8 g/ kg, digestible Lysine = 9.51 g/kg) was provided from day 24 onwards. All
diets were pelleted with a diameter 3.0 - 3.3 mm, did not contain coccidiostats, and were
produced by Research Diet Services (RDS, Wijk bij Duurstede, the Netherlands) according
to the guidelines of the Federation Dutch Animal Feed chain (CVB, 2016). Broilers were not
vaccinated at the hatchery. At day 29, infectious bronchitis vaccine (Nobilis IB Ma5, batch
A267B1J01, MSD) buffered in sterile blue coloured solvent (batch G554A02, MSD) was
administered via a droplet in one eye and a droplet in one nostril.
Housing. Ambient temperature setpoint was 28°C at placement and was linearly
decreased to 18°C at day 27, and this setpoint was maintained until the end of the study.
Early and delayed fed broilers can differ in their preferred ambient temperature (Wijnen et
al., 2022), and consequently, a heat lamp (100W infrared incandescent PAR38) was provided
at approx. 15 cm above broiler height (adjusted manually with age) in the center of each
pen, meaning that each broiler could choose its own preferred ambient temperature. Relative
humidity setpoint was 60 – 70 % up to 3 days of age and 50 – 60 % thereafter. Continuous light
was provided until day 2, and from day 2 onwards, 1 hour of darkness was added each day
until a light schedule of 6 hours darkness : 18 hours light was provided by day 7 and onwards.

Disease model
Clinical respiratory colibacillosis was induced by adapting a disease model from Ask
et al. (2006a). At day 8, 34 broilers of both sexes (equal ratio) were randomly selected within
each pen for E. coli inoculation whereas the remaining broilers within each pen (n = 18 - 24)
were selected for placebo inoculation. Broilers were inoculated intratracheally with either 0,3
mL phosphate buffered saline (PBS) for the placebo broilers, or 0,3 mL PBS containing avian
pathogenic Escherichia coli serotype O78:K80 strain 506 (APEC) to induce colibacillosis. The
inoculation was performed using a blunted anal cannula fitted on a 1.0 mL syringe. The APEC
originated from a frozen culture (-70°C) that had previously been isolated from an inflamed
pericardium of a commercial broiler suffering from natural colibacillosis (Van Eck & Goren,
1991). The inoculum was prepared as described by Matthijs et al. (2003), which resulted in
1.53 x 107 CFU/mL (determined by the Veterinarian Microbiological Diagnostic Centre,
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Utrecht University, Utrecht, the Netherlands). All intratracheal inoculations were performed
by trained personnel.

Data collection
Incubation duration was calculated as the number of hours from E0 (start of incubation)
to emergence from the eggshell. Chick quality from all 1st grade chicks was determined by
measuring BW, chick length from beak-tip to toe-tip, and navel score according to the protocol
of Reijrink et al. (2009). Additionally, every 36th chick per EST treatment that hatched was
euthanized through decapitation until 25 chicks per EST treatment were collected. Residual
yolk (RY) and heart were weighed on a three-decimal scale and YFBM was calculated as BW
minus RY weight. Relative heart weight was calculated as heart weight divided by YFBM
times 100.
Disease morbidity was assessed by observation of lesions at 6 time points post
inoculation (p.i.) (3 hours, 12 hours, 1 day, 2 days, 4 days, and 7 days). At each time point,
2 APEC inoculated broilers per pen (1 female and 1 male) were randomly selected for
dissection. At 7 days p.i., 8 additional APEC inoculated broilers per pen (equal sex ratio) were
randomly selected for dissection. At each time point, the selected broilers were euthanized by
decapitation and the presence of lesions in left and right thoracic air sac, pericardium, and
serosal surface of the liver were macroscopically assessed. Lesions of each organ were scored
0 (no lesions), 0.5 (a single pinhead-sized inflammatory spot), 1 (two or more pinhead-sized
spots), 2 (fibrinous patches on various locations), or 3 (extensive fibrination and exudation)
according to the protocol of Van Eck and Goren (1991) by trained poultry veterinarians. The
sex of all dissected birds was verified by checking the gonads.
Subsequently, incidences of total lesions, local lesions, and systemic lesions were
determined as follows. For incidence of total lesions, all four lesion scores were summed and
if the sum was > 0, the broiler was classified as colibacillosis positive. For incidence of local
lesions, both air sac lesion scores were summed and in if the sum > 0, the broiler was classified
local lesions positive. For incidence of system lesions, lesion scores of the pericardium and
liver were summed and if the sum > 0, the broiler was classified systemic lesions positive.
Severity of lesions was evaluated by calculating total mean lesion score (tMLS), local
mean lesion score (lMLS), and systemic mean lesions score (sMLS) as follows. tMLS was
calculated for each broiler that was classified colibacillosis positive by the sum of all four
lesion scores. lMLS was calculated for each broiler that was classified local lesions positive by
the sum of both air sac lesion scores. sMLS was calculated for each broiler that was classified
systemic lesions positive by the sum of pericardium lesion score and liver lesion score. Severity
classifications will be explained in the statistical analysis section.
The presence of E. coli in air sacs (local infection) and blood (systemic infection) was
determined in 2 broilers / pen for each time point, randomly selected among the dissected
animals, according to an adapted protocol from Cuperus et al. (2016). For isolation of E. coli
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from blood, right before decapitation a part of the skin above the wing vein was disinfected
and approximately 1 mL of blood was collected with single use needles and syringes and
without any anticoagulant. Immediately thereafter, three droplets of blood were dripped on a
McConkey agar plate (Balis, Boven-Leeuwen, the Netherlands) and spread with a disposable
spreader, using the spread plate technique. For isolation of E. coli from air sacs, the thoracic
air sac with the most severe lesions was swabbed immediately after postmortem examination
using transport swabs with Amies medium (Uni-ter CLR 230397 lot 30380, Meus, Piove di
Sacco, Italy). The left air sac was swabbed in case lesion severity was similar between left
and right air sac or in case no lesions occurred. Swabs with Amies medium were stored in a
fridge ( ̴ 7°C) until the next day and then spread on McConkey agar using a streak technique.
Bacterial growth was evaluated after overnight incubation at 37.5°C by counting the number
of colony-forming units (CFU). Incidence of E. coli in air sacs and blood was calculated by
classifying agar plates with > 0 CFU as E. coli positive. Amount of E. coli was determined by
counting the number of CFU for each agar plate that was classified as E. coli positive.
All broilers were individually weighed daily during 13 days p.i., except at 7 days and
12 days p.i.. Broilers that died or were dissected during these 13 days were only included in
analysis if BW could be recorded for at least 5 consecutive days during these 13 days p.i. (n =
806 broilers). For each day p.i., standardized BW deviation was determined by comparing the
standardized BW from each APEC inoculated broiler to the average BW of placebo inoculated
broilers from the same sex and treatment. ‘Standardized BW’ was BW that was standardized
to standardized deviation of corresponding treatment group and day p.i. to correct for scaling
differences in standardized deviations between ages and treatment groups. The natural
logarithm of the variance (LNvar), skewness, and lag-one autocorrelation of standardized
BW deviations were calculated as resilience indicators according to a protocol of Berghof et
al. (2019a). Additionally, all broilers were weighed individually every week to observe growth
performance until the end of the experiment (day 42).
Survival was monitored during 34 days p.i.. During the first 3 days p.i., mortality was
checked every 3 hours. During the remaining period, mortality was checked daily. Broilers
were culled if a humane endpoint was reached as described by Berghof et al. (2019b). Moment
of death or cull was noted, and carcasses were saved in a freezer for necropsy at the end of
the experiment. Necropsy was performed by a poultry veterinarian to determine suspected
cause of death. Causes of death were divided into colibacillosis (septic hemorrhage in organs
or lesions in air sacs, pericardium, and/or liver) or other reasons than the E. coli infection.

Statistical analyses
All data were analyzed using the statistical software package SAS (Version 9.4, SAS
Institute, 2010). A P-value < 0.05 was considered to be significant, and P-values >0.05 and
<0.10 were considered to be a tendency. The model used for all data at hatch was
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Yij = μ + ESTi + SEXj + EST×SEXij + eij					

(1)

where Yij =the dependent variable, μ=the overall mean, ESTi = eggshell temperature
during mid incubation (i = 37.8 or 38.9°C), SEXj = sex (j = female or male), EST×SEXij = the
interaction between EST and SEX, and eij = the error term. Hatching basket was considered
to be the experimental unit by adding hatching basket nested within incubator as a random
factor. The EST × SEX interactions was excluded from the model when P > 0.05. The PROC
MIXED procedure was used to analyze incubation duration, BW, RY, YFBM, chick length
and relative heart weight. Model assumptions were verified by inspection of ‘raw residuals
vs predicted values’ plot and ‘Q-Q’ plot of the residuals and skewness and kurtosis between
-2 to +2. All data were normally distributed and presented as LSmeans ± SEM. The PROC
GLIMMIX procedure was used to analyze navel score, using a multinomial distribution, and
a cumlogit link function. Navel score is presented as mean ± SE.
The basic model used for all post hatch data was
Yijk = μ + ESTi + FEEDj + EST×FEEDij + SEXk + EST×SEXik + FEED×SEXjk + EST×FEED×SEXijk + eijk (2)

where Yijk = the dependent variable, μ = the overall mean, ESTi = eggshell temperature
during mid incubation (i = 37.8 or 38.9°C), FEEDj = feeding strategy (j = early or delayed),
EST × FEEDij = the interaction between EST and FEED, SEXk = sex (k = female or male),
EST×SEXik = the interaction between EST and SEX, FEED×SEXjk = the interaction between
FEED and SEX, EST×FEED×SEXijk = the 3-way interaction between EST and FEED and SEX,
and eijk = the error term. Pen was considered to be the experimental unit by adding pen
(1 – 36) nested within block (1 – 9) as a random factor. Treatment × SEX interactions were
excluded from the model when P > 0.05.
The PROC GLIMMIX procedure was used to analyze incidence of colibacillosis,
incidence of local lesions, incidence of systemic lesions, incidence of E. coli in air sacs,
incidence of E. coli in blood, tMLS, lMLS, sMLS, amount of E. coli in air sacs, and amount
of E. coli in blood. tMLS was divided into 6 equal classes (0.5 - 2 = class 1, 2.5 – 4 = class 2,
4.5 – 6 = class 3, 6.5 – 8 = class 4, 8.5 – 10 = class 5, >10 = class 6), lMLS into 5 equal classes
(0.5 – 1 = class 1, 1.5 – 2 = class 2, 2.5 – 3 = class 3, 3.5 – 4 = class 4, >4 = class 5), and sMLS
into 5 equal classes (0.5 – 1 = class 1, 1.5 – 2 = class 2, 2.5 – 3 = class 3, 3.5 – 4 = class 4, >4
= class 5). Dissection moment was added to model 2 as a fixed factor. All incidences were
analyzed with a binary distribution and a logit link function in model 2. tMLS, lMLS, and
sMLS were analyzed with a multinomial distribution and a cumulative logit link function in
model 2. Amount of E. coli in air sacs and E. coli in blood were analyzed with a Poisson log
link function in model 2 with dissection moment added as a fixed factor. Data are expressed
as mean ± SE.
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The PROC MIXED procedure was used to analyze weekly BW (separately for each
week) and LNvar, skewness, and lag-one autocorrelation of standardized BW deviations.
Model assumptions were verified as previously indicated. All data were normally distributed.
Data are expressed as LSmeans ± SEM.
The PROC PHREG procedure (cox proportional hazard model) was used to perform
a survival analysis on APEC inoculated broilers for the period p.i. (> 7 days). Broilers that
were dissected or euthanized at the end of the experiment were censored. Broilers that were
suspected during necropsy to have died or culled due to other reason than APEC were
excluded from analysis (n = 10). Block was added as random factor. Model assumptions were
verified by a supremum test (Kleinbaum and Klein, 2012).

Chick quality at hatch
Chick length at hatch showed an interaction between EST × sex. Control and higher
EST females did not differ in length, whereas control EST males were shorter than higher EST
males (∆ = 0.1 cm; P = 0.02; Table 1). Higher EST had shorter incubation duration compared
to control EST (∆ = 4 hours; P < 0.0001). Chick BW, RY, YFBM, relative heart weight, and
navel score did not differ between EST groups (P ≥ 0.26).
Table 1. Effect of eggshell temperature (EST) during mid incubation1 on incubation duration and chick quality
characteristics at hatch moment.

n2

Duration
(h)

Chick
weight
(g)

Residual
yolk weight
(g)

Yolk-free
body mass
(g)

Chick
length3
(cm)

Navel
condition4
(score)

Heart5
weight
(%)

5.81

37.33

18.6

1.5 ± 0.02

0.82

EST
Control

15

487a

43.02

Higher

15

483

43.10

5.81

37.05

18.7

1.5 ± 0.02

0.81

0.4

0.052

0.237

0.251

0.02

-

0.022

<0.0001

0.26

0.99

0.45

<0.01

0.92

0.83

-

-

-

-

0.026

-

-

SEM

b

P-values
EST
EST × Sex

Note: data are presented as least square mean ± SEM, except for navel condition (mean ± SE).
1
EST during mid incubation (embryo days 7 – 14) was either 37.8°C (Control) or 38.9°C (Higher), and the
remaining incubation period EST was 37.8°C for both treatment groups.
2
Trays nested in incubator.
3
Body length from beak-tip to toe-tip.
4
Navel condition: score 1 (perfect), 2 (discolored/opened < 2 mm), 3 (discolored/opened > 2 mm).
5
Weight relative to yolk-free body mass.
6
Length was 18.7ab, 18.6c, 18.8a, and 18.7b cm for control females, control males, higher females, higher males
respectively.
a-b
Least square means within a column lacking a common superscript differ (P < 0.05).
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Colibacillosis
Incidence of colibacillosis did not show an interaction between EST and feeding strategy
(P = 0.67; Table 2), nor a main effect of EST (P = 0.26). Incidence of colibacillosis tended to be
lower for early fed broilers compared to delayed fed broilers (∆ = 2 %; P = 0.09). tMLS showed
an interaction between EST and feeding strategy (P < 0.01). At control EST, tMLS was higher
in delayed fed broilers than early fed broilers (∆ = 0.8 lesion score), whereas the opposite was
found at higher EST (∆ = 0.7 lesion score).
Table 2. Effect of eggshell temperature (EST) during mid incubation1 and post-hatch feeding strategy2 on incidence
and severity of colibacillosis lesions3 in broilers during colibacillosis4.
n5

No lesions6
(%)

tMLS7
(score)

Control

18

38 ± 2.6

3.0 ± 0.25

Higher

18

37 ± 2.5

2.9 ± 0.23

Delayed

18

37 ± 2.5

2.9 ± 0.24

Early

18

39 ± 2.6

2.9 ± 0.24

Control × Delayed

9

34 ± 3.6

3.4 ± 0.37a

Control × Early

9

41 ± 3.7

2.6 ± 0.32b

Higher × Delayed

9

39 ± 3.5

2.5 ± 0.29b

Higher × Early

9

36 ± 3.6

3.2 ± 0.34a

EST

0.26

0.90

Feeding strategy

0.09

0.77

EST × Feeding strategy

0.67

<0.01

EST

Feeding strategy

EST × Feeding strategy

P-values

Note: data are presented as mean ± SE.
1
EST during mid incubation (embryo days 7 – 14) was either 37.8°C (Control) or 38.9°C (Higher), and the
remaining incubation period EST was 37.8°C for both treatment groups.
2
Feeding strategy was either direct access to feed and water after hatch (Early) or 48 hours after hatch (Delayed).
3
Sum of lesion scores from left air sac, right air sac, pericardium, and liver, each scored 0 (clean), 0.5 (single spot), 1
(two or more spots), 2 (patches), or 3 (extensive fibrination).
4
Colibacillosis was induced by intratracheal E. coli (O78:K80 strain 506) inoculation at day 8 of age (dose 0.3 mL of
1.53 x 107 CFU/mL).
5
Pens, with 20 broilers dissected / pen, divided over 6 moments post inoculation (3 & 12 hours, 1-2-4-7 days).
6
Sum of lesion score3 = 0.
7
tMLS = total Mean Lesion Score from broilers with sum of lesions score3 > 0.
a-b
Means within a column and factor lacking a common superscript differ (P < 0.05).
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Local E. coli infection
Incidence and amount of E. coli in air sacs did not show an interaction between EST and
feeding strategy (P ≥ 0.31; Table 3), nor a main effect of EST ( P ≥ 0.18) or feeding strategy
(P ≥ 0.57). Incidence of local lesions did not show an interaction between EST and feeding
strategy (P = 0.55), nor a main effect of EST (P = 0.20). Incidence of local lesions was lower for
early fed broilers compared to delayed fed broilers (∆ = 6 %; P = 0.046). lMLS did not show an
interaction between EST and feeding strategy (P = 0.24), nor a main effect of EST (P = 0.93)
or feeding strategy (P = 0.42).
Table 3. Effect of eggshell temperature (EST) during mid incubation1 and post-hatch feeding strategy2 on incidence
and severity of E. coli in air sac3 and local lesions4 in broilers during colibacillosis5.
E. coli in air sac

Local lesions

n6

Incidence7
(%)

Amount8
(CFU)

Incidence9
(%)

Severity10
(lMLS)

Control

18

34 ± 3.2

121 ± 81.2

61 ± 2.6

1.9 ± 0.12

Higher

18

41 ± 3.3

100 ± 62.2

65 ± 2.5

1.9 ± 0.12

Delayed

18

39 ± 3.3

132 ± 75.1

66 ± 2.5a

1.9 ± 0.12

Early

18

36 ± 3.3

88 ± 65.2

b

60 ± 2.6

1.9 ± 0.12

Control × Delayed

9

38 ± 4.6

159 ± 120.3

65 ± 3.6

2.1 ± 0.18

Control × Early

9

30 ± 4.5

81 ± 101.8

56 ± 3.7

1.7 ± 0.17

Higher × Delayed

9

40 ± 4.7

104 ± 91.2

67 ± 3.5

1.8 ± 0.15

Higher × Early

9

42 ± 4.8

95 ± 85.8

63 ± 3.6

2.0 ± 0.18

EST

0.18

0.37

0.20

0.93

Feeding strategy

0.57

0.94

0.05

0.42

EST × Feeding strategy

0.31

0.55

0.55

0.24

6

EST

Feeding strategy

EST × Feeding strategy

P-values

Note: data are presented as mean ± SE.
1
EST during mid incubation (embryo days 7 – 14) was either 37.8°C (Control) or 38.9°C (Higher), and the
remaining incubation period EST was 37.8°C for both treatment groups.
2
Feeding strategy was either direct access to feed and water after hatch (Early) or 48 hours after hatch (Delayed).
3
E. coli colony forming units (CFU) from air sac swab plated on McConkey-agar.
4
Sum of lesion scores from left and right air sac, each scored 0 (clean), 0.5 (single spot), 1 (two or more spots), 2
(patches), or 3 (extensive fibrination).
5
Colibacillosis was induced by intratracheal E. coli (O78:K80 strain 506) inoculation at day 8 of age (dose 0.3 mL of
1.53 x 107 CFU/mL).
6
Pens, with 20 broilers dissected / pen, divided over 6 moments post inoculation (3 & 12 hours, 1-2-4-7 days).
7
Classified ‘Incidence positive’ if CFU3 > 0.
8
From E. coli in airsac incidence positive broilers7.
9
Classified ‘Incidence positive’ if local lesion score4 >0.
10
lMLS = local Mean Lesion Score from local lesion incidence positive broilers9.
a-b
Means within a column and factor lacking a common superscript differ (P < 0.05).
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Systemic E. coli infection
Incidence of E. coli in blood (P = 0.01) and incidence of systemic lesions (P = 0.03) both
showed and interaction between EST and feeding strategy (Table 4). At control EST, no effect
of feeding strategy was found, but at higher EST, delayed fed broilers had a lower incidence of
E. coli in blood and a lower incidence of systemic lesions than early fed broilers (∆ = 11% and
Δ = 10%, for E. coli in blood and systemic lesions, respectively). Amount of E. coli in blood did
not show an interaction between EST and feeding strategy (P = 0.99), nor a main effect of EST
(P = 0.71) or feeding strategy (P = 0.49). sMLS did not show an interaction between EST and
feeding strategy (P = 0.45), nor a main effect of EST (P = 0.83) or feeding strategy (P = 0.67).
Table 4. Effect of eggshell temperature (EST) during mid incubation1 and post-hatch feeding strategy2 on incidence
and severity of E. coli in blood3 and systemic lesions4 in broilers during colibacillosis5.
E. coli in blood

Systemic lesions

n6

Incidence
(%)

Amount
(CFU)

Incidence9
(%)

Severity10
(sMLS)

Control

18

20 ± 2.7

10 ± 16.9

28 ± 2.4

1.1 ± 0.24

Higher

18

18 ± 2.6

17 ± 50.7

27 ± 2.4

1.0 ± 0.22

Delayed

18

18 ± 2.6

16 ± 51.5

26 ± 2.3

1.0 ± 0.25

Early

18

20 ± 2.8

11 ± 14.9

29 ± 2.4

1.1 ± 0.21

Control × Delayed

9

23 ± 4.0a

13 ± 24.3

30 ± 3.4ab

1.3 ± 0.34

Control × Early

9

17 ± 4.0

8 ± 22.8

ab

26 ± 3.3

1.0 ± 0.32

Higher × Delayed

9

13 ± 3.2b

20 ± 141.9

22 ± 3.1b

0.8 ± 0.36

Higher × Early

9

24 ± 4.1

14 ± 19.9

32 ± 3.5

1.3 ± 0.28

EST

0.54

0.71

0.89

0.83

Feeding strategy

0.42

0.49

0.38

0.67

EST × Feeding strategy

0.01

0.99

0.03

0.45

7

8

EST

Feeding strategy

EST × Feeding strategy
ab

a

a

P-values

Note: data are presented as mean ± SE.
1
EST during mid incubation (embryo days 7 – 14) was either 37.8°C (Control) or 38.9°C (Higher), and the
remaining incubation period EST was 37.8°C for both treatment groups.
2
Feeding strategy was either direct access to feed and water after hatch (Early) or 48 hours after hatch (Delayed).
3
E. coli colony forming units (CFU) from blood swab plated on McConkey-agar.
4
Sum of lesion scores from pericardium and liver, each scored 0 (clean), 0.5 (single spot), 1 (two or more spots), 2
(patches), or 3 (extensive fibrination).
5
Colibacillosis was induced by intratracheal E. coli (O78:K80 strain 506) inoculation at day 8 of age (dose 0.3 mL of
1.53 x 107 CFU/mL).
6
Pens, with 20 broilers dissected / pen, divided over 6 moments post inoculation (3 & 12 hours, 1-2-4-7 days).
7
Classified ‘Incidence positive’ if CFU3 ≥1.
8
From E. coli in blood incidence positive broilers7.
9
Classified ‘Incidence positive’ if systemic lesion score4 >0.
10
sMLS = systemic Mean Lesion Score from systemic lesion incidence positive broilers9.
a-b
Means within a column and factor lacking a common superscript differ (P < 0.05).

144

EST & EARLY FEEDING: RESPIRATORY RESILIENCE

Body weight

6

Body weights showed an interaction between EST and feeding strategy at all weeks
measurements (P ≤ 0.03; Figure 1), except for week 6 (P = 0.17). At week 1, one day prior
to inoculation, early fed broilers incubated at higher EST or control EST had highest BW,
delayed fed broilers incubated at higher EST had intermediate BW, and delayed fed broilers
incubated at control EST had lowest BW. At week 2 and 3, early fed broilers incubated at
control EST had highest BW, early fed broilers incubated at higher EST had intermediate
BW, and delayed fed broilers incubated either at control EST or higher EST had lowest BW.
At week 4 and 5, early fed broilers incubated at control EST had higher BW compared to the
other treatment groups which were similar to each other. At week 6, early fed broilers tended
to have higher BW compared to delayed fed broilers (∆ = 92 g; P = 0.08;). EST had no effect
on BW at week 6 (P = 0.19).

Figure 1. Effect of the interaction between eggshell temperature (37.8°C (Control) or 38.9°C (Higher)) during mid
incubation (embryo days 7 – 14) with post-hatch feeding strategy (direct access to feed and water after hatch (Early)
or 48 hours deprivation (Delayed)) on broiler BW weekly post avian pathogenic E. coli inoculation performed at
day 8. Data are presented as LSMean. Error bars indicate SEM. * indicates significant interaction between EST and
feeding strategy. abc indicates least square means within a week lacking a common superscript differ significant.
Significant = P < 0.05.

LNvar, skewness, and lag-one autocorrelation of standardized BW deviations during 13
days p.i. did not show an interaction between EST and feeding strategy (P ≥ 0.12; Table 5), nor
a main effect of EST (P ≥ 0.19). LNvar was lower for early fed broilers compared to delayed
fed broilers (∆ = 0.27; P = 0.02), whereas skewness and lag-one autocorrelation did not differ
between feeding strategies (P ≥ 0.19).
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Table 5. Effect of eggshell temperature (EST) during mid incubation1 and post-hatch feeding strategy2 on standardized
deviations of BW3 from broilers during 13 days post inducing colibacillosis4.
Standardized BW deviations
n

5

LNvar

Skewness

Lag-one autocorrelation

-2.55

-0.31

0.32

EST
Control

18

Higher

18

SEM

-2.70

-0.28

0.30

0.081

0.04

0.013
0.31

Feeding strategy
Delayed

18

-2.49a

-0.33

Early

18

-2.76

-0.25

0.31

0.082

0.04

0.013

SEM

b

EST × Feeding strategy
Control × Delayed

9

-2.51

-0.36

0.31

Control × Early

9

-2.59

-0.25

0.33

Higher × Delayed

9

-2.48

-0.30

0.30

Higher × Early

9

-2.92

-0.26

0.30

0.12

0.06

0.019

SEM
P-values
EST

0.19

0.67

0.35

Feeding strategy

0.02

0.19

0.79

EST × Feeding strategy

0.12

0.57

0.64

Note: data are presented as least square mean ± SEM.
1
EST during mid incubation (embryo days 7 – 14) was either 37.8°C (Control) or 38.9°C (Higher), and the
remaining incubation period EST was 37.8°C for both treatment groups.
2
Feeding strategy was either direct access to feed and water after hatch (Early) or 48 hours after hatch (Delayed).
3
Deviation of BW compared to placebo. Standardized and calculated as provided in Material and Methods section.
4
Colibacillosis was induced by intratracheal E. coli (O78:K80 strain 506) inoculation at day 8 of age (dose 0.3 mL of
1.53 x 107 CFU/mL).
5
Pens (approx. 34 broilers observed / pen)
a-b
Least square means within a column and factor lacking a common superscript differ (P < 0.05).

Survival
First week mortality was low and similar between treatments (total 0.6 %). Survival
probability p.i. did not show an interaction between EST and feeding strategy (P = 0.10;
Figure 2C), nor a main effect of feeding strategy (P = 0.68; Figure 2B). Survival probability
was higher for broilers incubated at control EST compared to higher EST (∆ = 4 %; P = 0.04;
Figure 2A).
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Figure 2. Effect of (A) eggshell temperature (37.8°C (Control) or 38.9°C (Higher)) during mid incubation (embryo
days 7 – 14) and (B) post-hatch feeding strategy (direct access to feed and water after hatch (Early) or 48 hours
deprivation (Delayed)) and (C) interaction between incubation temperature and post hatch feeding strategy on
broiler survival probability during 34 days post avian pathogenic E. coli (APEC) inoculation at day 8 post hatch. a-b
survival probabilities differ (P < 0.05).
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DISCUSSION
We hypothesized that a higher EST of 38.9°C during mid incubation would accelerate
embryo development, improve chick quality at hatch, and consequently enhance the proposed
positive effect of early feeding on resilience to colibacillosis more than a control EST of 37.8°C
would do. Our findings showed that systemic E. coli infection (pericardium and liver) indeed
showed an interaction between EST and post-hatch feeding strategy, but opposite to what
was expected, whereas local E. coli infection (air sacs) was only affected by post-hatch feeding
strategy.
A higher incidence of systemic E. coli infection was found in early fed broilers compared
to delayed fed broilers when incubated at higher EST, whereas at control EST systemic E.
coli infection was not different between feeding strategies. This finding was expressed by a
higher incidence of E. coli in blood and a higher incidence of systemic lesions (pericardium
and liver) in the higher EST × early feeding compared to the higher EST × delayed feeding
treatment groups. Additionally, higher severity of total colibacillosis lesions (tMLS) and
worse growth performance in higher EST × early feeding compared to higher EST × delayed
feeding was found. This can likely be explained by the higher incidence of systemic E. coli
infection, because system infection impairs heart and liver function and demands energy to
fight the infection that cannot be used for body growth. Wijnen et al. (2022) also found some
indications that EST can negatively impact the effect of early feeding. In that study, early fed
broilers incubated at a lower EST of 36.7°C during late incubation tended to show higher 1st
week mortality compared to early fed broilers incubated at control EST. It was speculated
that this interaction may have been caused by higher incidence of yolk sac infection due to
the combination of worse navel condition in lower EST incubated chicks and an expected
higher bacterial load after early feeding. This proposed mode of action cannot explain the
interaction between a higher EST during mid incubation and early feeding that was found in
the current study. In the current study, no difference in navel condition was found between
EST treatment groups and 1st week mortality was low and comparable in all treatment groups
(average 0.6%). Only minor differences in chick quality at hatch between EST groups were
found in the current study. For instance, YFBM and RY did not differ between EST groups
and this is in consistency with previous findings (Wijnen et al., 2020a). Consequently, the
effect does not seem to be directly related to chick quality characteristics at hatch and it can
only be speculated what biological mechanism caused the interaction that was found in the
current study.
Systemic colibacillosis develops when E. coli passes through the respiratory tract to the
bloodstream and overwhelms the systemic defense (Matthijs et al., 2005). Possibly both a
higher EST during mid incubation and early feeding lowered post hatch systemic immune
responses. Early feeding may cause long term immunomodulation via for example alterations
in gut microbiota (Brisbin et al., 2008; den Hartog et al., 2016), oral tolerance (Klipper et al.,
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2001), or fatty-acid metabolism (Cherian, 2015). Studies have shown indications that early
fed broilers show lower inflammatory responses than delayed fed broilers (Juul-Madsen et
al., 2004; Gonzalez et al., 2011; Ao et al., 2012; Simon et al., 2015). This has not been shown
for a higher EST during mid incubation, but higher incubation temperatures from mid
incubation onwards resulted in worse developed lymphoid organs at hatch (Oznurlu et al.,
2010; Liu et al., 2013; Flores et al., 2016; Leandro et al., 2017). Furthermore, a higher EST
applied only during mid incubation altered peripheral blood lymphocyte composition as
well as jejunum and bursa morphology at hatch (Wijnen et al., 2020b). These alterations also
might have long-term effects, resulting in lower post hatch systemic immune responses. The
fact that in the current study a higher EST during mid incubation resulted in a lower survival
probability compared to a control EST suggests that a higher EST during mid incubation
negatively affected embryo development, although that was not reflected in the chick quality
characteristics at hatch, and that post-hatch immunocompetence was impaired. Early feeding
could have degraded inflammatory immune responses that were already relatively low after a
higher EST during mid incubation, which synergistically resulted in an inadequate response
to a systemic E. coli infection.
Regardless of EST, early fed broilers showed lower local E. coli infections compared to
delayed fed broilers, expressed by a lower incidence of local lesions. Probably this caused the
lower overall colibacillosis lesion score (tMLS) and the tendency for a higher percentage of
broilers with no lesions in early compared to delayed fed broilers. Furthermore, early feeding
resulted in lower LNvar of standardized body weight deviations during the 13 days p.i.
compared to delayed feeding. This indicates that in early compared to delayed fed broilers the
negative deviations in body weight due to colibacillosis were either less severe or that recovery
was faster or a combination between both (Berghof et al., 2019c; Poppe et al., 2020; van der
Zande et al., 2020). The difference in resilience to local E. coli infection between feeding
strategies may also be the result of a difference in inflammatory response. The inflammatory
response seems to play a larger role in the susceptibility to colibacillosis compared to the
adaptive immune response as differences in susceptibility are for instance not related to
maternal antibodies (Ask et al., 2006b; Ariaans et al., 2008; Dwars et al., 2009; Peng et al., 2018;
Alber et al., 2021). As indicated in the previous paragraph, early fed broilers may show lower
inflammatory responses compared to delayed fed broilers. Severity of air sac lesions can be
explained by inflammatory responses, especially excessive infiltration of macrophages (Dwars
et al., 2009; Matthijs et al., 2009), so lower inflammatory responses in early fed broilers than in
delayed fed broilers may explain the lower local E. coli infection that was found in the current
study. In general, the immune system of early fed boilers seems to be ahead in development
compared to delayed fed broilers, especially during the first weeks of life (Dibner et al., 1998;
Shira et al., 2005; Panda et al., 2010; Hollemans et al., 2020). At first sight, a head start of
approximately 48 hours in development might seem limited. However, the broiler immune
system is immature at the moment of hatch and it develops rapidly during the first week of
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age (Mast and Goddeeris, 1999; Shira et al., 2003). The first exogenous feed intake after hatch
further stimulates this rapid development (Dibner et al., 1998) and consequently, early fed
broilers showed higher resilience to local E. coli infections compared to delayed fed broilers.
In conclusion, this study was the first to show that EST during mid incubation and post
hatch feeding strategy interact on broiler resilience to colibacillosis induced at day 8 of age.
A higher EST of 38.9°C during mid incubation in combination with early feeding resulted
in worse systemic resilience, whereas at a constant EST of 37.8°C feeding strategies did not
differ in resilience to systemic infection. Regardless of EST during mid incubation, early fed
broilers had higher resilience to local E. coli infections compared to delayed fed conspecifics.
Consequently, early feeding could be considered as a strategy to enhance broiler disease
resilience to infectious diseases as long as eggs are incubated at the current standard of a
constant 37.8°C EST.
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Despite a wide range of preventive measures, broilers will unavoidably encounter
pathogens at some point in their lifespan. Infection cannot always be prevented. Particularly
at risk are young broilers that still have an immature immune system or immunocompromised
broilers. Once a pathogen has infected the broiler, it can induce disease and cause inflammation,
pain, lesions, or even death. Furthermore, body growth will be retarded, resulting in lower
profit. These negative scenarios can be prevented if the broiler is able to resist infection or if the
broiler is able to cope with the pathogen with minimal clinical symptoms. This phenomenon
is called ‘resilience’. Resilience can be described as the ability to cope with disturbances and
reorganize with minimal loss of function (Folke et al., 2010; Colditz and Hine, 2016). A
resilient broiler has a lower chance of becoming infected and, once infected, it will show
milder disease symptoms and a faster recovery than a broiler with a lower resilience.
It has been shown in many animal species that early life experiences, often referred to as
‘perinatal conditions’ (conditions surrounding birth), can affect later life immunocompetence
(Rutherford et al., 2012). Perinatal conditions may therefore alter later life resilience. One
perinatal condition of broilers that may potentially affect later life disease resilience is the
post-hatch feeding strategy. In the poultry industry, chicks either have direct access to feed
and water after hatch (defined as ‘early feeding’) or, for practical reasons, access to feed
and water is delayed for up to 72 hours (defined as ‘delayed feeding’). Studies have shown
that these feeding strategies in early life can alter later life immune responses to antigens
(Shira et al., 2005; Simon et al., 2015; Lamot et al., 2016), but whether early and delayed fed
broilers differ in disease resilience remains unknown. Another perinatal condition that may
affect broiler resilience in later life is incubation temperature. Incubation temperature has
a major effect on embryo development and chick characteristics at hatch (Romanoff, 1936;
Decuypere and Michels, 1992; Lourens et al., 2005), but its effects on broiler resilience, and
how it interacts with post-hatch feeding strategy, is unknown.
The aim of this thesis was to study whether post-hatch feeding strategies, different
eggshell temperature (EST) patterns during incubation, and the interaction between both,
affect broiler resilience. Previous studies have withheld broilers from feed and water for 12,
24, 48, 60, and 72 hours. In this thesis delayed fed broilers were withheld for 48 hours because
it was shown by de Jong et al. (2017) that this duration can already have long term effects on
broiler growth performance. Besides, it is believed to be close to the duration that is found in
commercial practice. We hypothesized in the General Introduction that early feeding would
result in higher broiler resilience compared to 48 hours delayed feeding. We also hypothesized
that a higher EST of 38.9°C during the second week of incubation in combination with a
lower EST of 36.7°C during the last week of incubation or from day 17 of incubation onwards
(referred to as ‘late incubation’) would optimize chick quality at hatch and post-hatch broiler
resilience compared to a constant EST of 37.8°C. Furthermore, we hypothesized that optimal
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chick quality at hatch would enhance the beneficial effects of early feeding on broiler disease
resilience.
The origin of these hypotheses is described in the General Introduction (Chapter 1). The
hypotheses were studied through three experiments that are presented in Chapter 2 – 6. This
chapter will integrate the findings from these experiments to discuss whether the hypotheses
can be verified or not. First it will be discussed how resilience can be interpreted in the current
thesis, regardless of treatment effects. Subsequently, the effects of perinatal conditions on
broiler resilience are discussed, followed by the effects of alternative incubation temperature
patterns on embryo development and chick characteristics at hatch, before closing with main
conclusions, practical implications, and suggestions for future research.

INTERPRETATION OF RESILIENCE
As previously described, the level of resilience is indicated by the ‘loss of function’.
Functional loss can be expressed with various biomarkers. In this thesis, functional
loss was studied by measuring retardation of body growth, morbidity (e.g. lesions), and
mortality during necrotic enteritis or during colibacillosis. Necrotic enteritis was induced by
inoculation of Eimeria spp. at day 21 of age and repeated C. perfringens inoculation during
the 5 days thereafter (Chapter 5). Colibacillosis was induced by intratracheal inoculation of
avian pathogenic E. coli at day 8 of age (Chapter 6). Three aspects of resilience, which together
comprise the total functional loss, were investigated: resistance, tolerance, and recovery
(Schneider and Ayres, 2008; Bishop, 2012).

Resistance
A resilient broiler is assumed to have higher resistance, which is defined as the capability
to withstand an infection. In the General Introduction of this thesis it was suggested that this
could be studied by measuring the timespan between exposure to a pathogen until the first loss
of function (Figure 1A). Chapter 5 indicates that this timespan could be studied successfully
by measuring retardation of body growth during necrotic enteritis. Once retardation in body
growth was expressed as average daily gain (ADG), a clear pattern of functional loss occurred
in which the timespan between inoculation of Eimeria and onset of first loss of ADG could be
measured (Figure 1B). However, Chapter 6 shows that resistance cannot always be studied by
measuring retardation of body growth. Colibacillosis did cause retardation of body growth,
but retardation occurred immediately (within 1 day) after inoculation with E. coli (Figure 1C).
Consequently, resistance to colibacillosis did not occur or could at least not be determined
through body weight retardation in this experiment because of the short timespan between
exposure to the pathogen and the first effects on body growth.
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Figure 1. Graphical representation of resistance A) theoretical pattern B) functional loss in ADG during necrotic
enteritis C) BW of E. coli inoculated broilers relative to placebo broilers.

Some broilers do not show any functional loss. These broilers were probably able to
resist infection, for instance, because pathogens could not pass through epithelial barriers or
mucus layers. This could be considered as the ultimate form of resistance. It can be studied by
measuring the percentage of broilers that do not show any functional loss, such as organ lesions,
after inoculation with the pathogen (referred to as ‘incidence’). Disease incidence can be
studied by measuring the percentage of animals with organ lesions (referred to as ‘morbidity’).
However, there is one concern when studying disease incidence through morbidity. To
determine morbidity, broilers are dissected at specific time points post inoculation. At these
time points, a broiler may have resisted infection and, in such circumstances, morbidity data
will represent disease incidence; however, it is also possible that the pathogen is still present
in the broiler’s body and that it may cause infection later, or that the broiler already recovered
at the moment of dissection. It can be speculated that this ambiguity can be solved by very
regular dissections of broilers during the disease period. However, despite the fact that this
raises ethical concerns and is practically impossible in some experimental settings, it may not
even solve the problem either. For example, in the last experiment (Chapter 6) dissections
were performed at 3 hours, 12 hours, 1 day, 2 days, 4 days, and 7 days post inoculation of E.
coli. Amongst others, incidence of systemic infection was determined during these dissection
moments by measuring whether E. coli bacteria were present in the blood. Results showed that
the highest incidence occurred at 12 hours post inoculation and, moreover, that the incidence
at this dissection moment differed significantly from the other dissection moments (P < 0.01;
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Figure 2). Theoretically, the observed incidence of systemic infection could have been higher
if broilers would have been dissected at an additional dissection moment, for instance at 8
hours post inoculation. It would then be possible that a higher incidence of systemic infection
is found for treatment ‘blue’ in Figure 2 at 12 hours post inoculation, whereas actually systemic
infection was higher for treatment ‘green’, but this occurred at 8 hours post inoculation when
no dissections were performed.
The total incidence (= sum of incidence of separate dissection moments) may therefore
provide the best representation of the actual incidence, with the footnote that dissection
should have been performed frequently enough. How often is ‘frequent enough’ depends on
the disease challenge model, the predictability of the disease responses, and the rapidity of
fluctuations in disease responses. Therefore conclusions about incidence of disease that are
based on morbidity should be drawn with some restraint and they should be combined with
other data concerning functional loss to draw sound conclusions about disease resilience.

Figure 2. Incidence of system infection (bacteria in blood) at 6 moments post inoculation with E. coli. Grey bars
indicate real data.
A. The red bar indicates theoretical data if broilers would have been dissected at an additional moment at 8 h post
inoculation.
B. Blue bars and green bars indicate theoretical data from two different treatments.

Tolerance
A resilient broiler is assumed to have higher tolerance, which is defined as the capability
to keep functional loss to a minimum once infected. Tolerance can be studied by measuring
to what extent functional loss occurs (Figure 3A). During necrotic enteritis, tolerance could
be studied by measuring the severity of loss in ADG (Figure 3B), whereas this was impossible
during colibacillosis, because the difference in BW between diseased and placebo broilers was
gradually increasing over time (Figure 3C). In this experiment, the placebo group enabled us
to calculate deviations of body weight from broilers with colibacillosis compared to healthy
broilers, which are an indicator of resilience (Berghof et al., 2019a; Poppe et al., 2020; van
der Zande et al., 2020). In these analyses, standardized body weight deviations from the total
observation period are combined to calculate the skewness and variance of these deviations.
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Skewness of these deviations captures the severity of body weight deviations and represents
the tolerance aspect of resilience. The variance of deviations captures both the severity and
duration of deviations and so represents both the tolerance and recovery aspects of resilience,
without disentangling them (Berghof et al., 2019b).
Tolerance can also be studied by measuring the extent to which morbidity occurs.
However, as discussed in the previous paragraph, the number of dissection moments after
inoculation may affect the morbidity outcome and may even provide a distorted picture.
Specifically if kinetics in disease response fluctuate very rapidly. For example, broilers were
dissected at 6, 7, and 14 days post Eimeria inoculation and severity of intestinal lesions
differed significantly between 6 and 7 days post inoculation (Chapter 5). It remains unknown
if the extent of lesion severity would have been worse if broilers were dissection at additional
moments before or after 6 / 7 days post inoculation and, consequently, care should be taken
when drawing conclusions based on morbidity data. Similarly to total disease incidence as
an indicator of resistance, total disease severity (= sum of severity of morbidity at separate
dissection moments) may provide the best representation of the actual severity and, therefore,
could be used to study the tolerance aspect of resilience.

Figure 3. Graphical representation of tolerance A) theoretical pattern B) ADG during necrotic enteritis C) BW
during colibacillosis.
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Recovery
A resilient broiler is assumed to recover faster from an infection. Recovery was defined
as the capability to return to a normal state after infection and it can be studied by measuring
the total duration of functional loss (Figure 4A). In the given example, the broiler is capable of
returning to a state that is similar to a broiler that was not affected by infection. This represents
optimal recovery. It is also possible that a broiler recovers from an infection and that it returns
to a homeostatic state during the remaining life, but that it is not capable to return to a similar
level as unaffected broilers (Figure 4B).

Figure 4. Graphical representation of recovery A) theoretical pattern full recovery B) theoretical pattern recovery
to new homeostatic state.

Recovery is the return of the biological function to its norm; for example, when ADG
returns to its pre-infection rate. However, during necrotic enteritis, recovery seemed to occur
very rapidly, as was expressed in the recovery of ADG within 1 day from 10 g to 90 g (Figure
1B). In contrast, during colibacillosis, diseased broilers did not show recovery in body weight
withing the period of daily weighing the birds (Figure 1C). The rapid recovery of ADG within
1 day during necrotic enteritis and the late or non-recovery during colibacillosis made it
difficult to measure recovery speed by studying retardation in body growth. As indicated in
the previous paragraph, the variance of body weight deviations during colibacillosis does
include the recovery aspect, and it may provide more detailed information on the broilers
that did not recover during the observed time period. However, variance of body weight
deviations cannot be disentangled from the tolerance aspect that is also included in this
parameter. Alternatively, lag-one autocorrelation of body weight deviations can be calculated.
Lag-one autocorrelation captures the duration of functional loss, so it represents the recovery
aspect of resilience (Berghof et al., 2019b). Lag -one autocorrelation can only be interpreted
as recovery under the condition that recovery occurred within the period that body weights
were measured. Body weights of all ̴ 1800 broilers were measured individually to enable lagone autocorrelation calculations during 13 days post E. coli inoculation, but, unfortunately,
this effort was in vain as recovery did not occur within this period (Figure 1C).

164

GENERAL DISCUSSION

Recovery can also be studied by measuring the disappearance of morbidity, although
findings indicate that this may not be a very good indicator of recovery in the current thesis.
For instance, colibacillosis lesions were scored in organs of 72 broilers at 5 weeks post
inoculation. In 32 % of these broilers, lesions were still present. Blood and bacterial swabs
from the air sacs of these broilers were also investigated for the presence of E. coli, and it was
subsequently found that in the vast majority of these broilers (> 60%), live E. coli were no
longer present (Table 1). This indicates that lesions or remnants thereof may persist despite
that broilers already had recovered from the infection, compromising the value of morbidity
data as an indicator for recovery.

E. coli in blood

E. coli in air sacs

No E. coli

Air sacs only

0 % (0 / 13)

23 % (3 / 13)

77 % (10 / 13)

Systemic (air sacs / pericardium / liver)

10 % (1 / 10)

30 % (3 / 10)

60 % (6 / 10)

No lesions

0 % (0 / 49)

6 % (3 / 49)

94 % (46 / 49)

Lesions

Mortality is probably the most reliable factor to study the recovery aspect of resilience
as it represents the most definite form of ‘non-recovery’. Mortality can be seen as the ultimate
functional loss. It should be noted that mortality can affect the outcome of all previously
indicated aspects. For example, broilers that died cannot be included in the incidence of
morbidity data. Necropsy can be performed, but the moment of death likely differs from
post-mortem analysis of broilers that were selected for dissection. Furthermore, broilers that
were dying often gradually lost body weight several days prior to death, and thus showed a
different pattern in retardation of body growth compared to broilers that were recovering.

Resilience in this thesis
To summarize, all three aspects of resilience were measured in this thesis by various
biomarkers, depending on the type of disease and limitations in the number of dissection
and/or weighing moments. Resistance can be interpreted in two ways; 1) the timespan
between exposure to a pathogen until first functional loss occurs, and 2) disease incidence
( = percentage of broilers that do not show any functional loss at all). In the current thesis,
resistance was studied by measuring the timespan between Eimeria inoculation and first
loss of ADG during necrotic enteritis and by measuring the total incidence of morbidity
during colibacillosis (Table 2). Tolerance was studied by measuring the severity of ADG loss
during necrotic enteritis and the variance and skewness of body weight deviations during
colibacillosis, as well as the total severity of morbidity during colibacillosis. Recovery was
studied by measuring mortality rates. In the remainder of this general discussion, conclusions
about broiler resilience will therefore be drawn based on these biomarkers (Table 2).
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Table 1. Presence of E. coli in blood or in air sacs at 5 weeks post inoculation with these bacteria in broilers with
organ lesions.

CHAPTER 7

Table 2. Overview of biomarkers that could be measured to study the three complementary aspects of resilience for
each disease model in the current thesis.
Broiler resilience
Disease model

Resistance

Tolerance

Recovery

Necrotic enteritis

ADG

ADG

Mortality

- Total morbidity severity
- Skewness of BW deviations

Mortality

Colibacillosis

Total morbidity incidence

Variance of BW deviations

PERINATAL CONDITIONS AND BROILER RESILIENCE
Post-hatch feeding strategy
Post-hatch feeding strategy often affected broiler resilience independent of incubation
temperature. These findings will now be discussed in the current paragraph. In some cases,
the effect of post-hatch feeding strategy depended on incubation temperature. These cases
will be discussed in the section ‘Incubation temperature × post-hatch feeding strategy’.
Resilience
Several indications were found which suggest that early fed broilers have higher resilience
compared to delayed fed broilers. All three aspects of resilience seem to be affected. Firstly, a
higher disease resistance was found in early fed broilers, which was expressed by a lower total
incidence of lesions in air sacs as well as a tendency for a lower total incidence of colibacillosis
(Chapter 6). Secondly, disease tolerance was higher in early fed broilers compared to delayed
fed broilers, as shown by lower variance of body weight deviations during colibacillosis
in early compared to delayed fed broilers. Thirdly, early feeding appears also to affect the
capability to recover from a disease, since mortality during the 2 weeks post onset of necrotic
enteritis tended (P = 0.06) to be lower in early compared to delayed fed broilers (Chapter 5).
Other studies that investigated the effects of post-hatch feeding strategy on broiler
health did not study broiler resilience through all three complementary aspects of resilience;
resistance, tolerance, recovery. Besides, in some of those studies ‘early feeding’ consisted of a
hydrated supplement instead of feed and water, or first access was provided at placement on
the farm instead of directly after hatch. Nevertheless, findings from these studies are in line
with findings from the current thesis. For example, broilers that had access to a hydrated
nutritional supplement directly after hatch showed higher growth when challenged with a high
dose of coccidiosis vaccine at day 14 of age compared to 48 hours delayed fed broilers (Dibner
et al., 1998). Broilers that had access to a glutamine supplemented diet directly after hatch
showed lower mortality and less severe lesions after oral inoculation with Eimeria oocysts
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at day 22 of age compared to 48 hours delayed fed broilers (Yi et al., 2005). Furthermore,
during necrotic enteritis at 3 weeks of age, early fed broilers had higher relative growth rate
compared to 48 hours delayed fed broilers. Lower counts of C. perfringens were found in the
ileum if the early fed diet contained mannooligosaccharides (Ao et al., 2012). Early fed laying
hens showed higher body weight gain and feed intake after an Eimeria challenge day 53 of
age as well as after an infectious bronchitis challenge at day 92 of age compared to delayed fed
hens, but this was confounded with different incubation temperatures and rearing conditions
(Walstra et al., 2010). Early fed broilers compared to 72 hours delayed fed broilers showed
higher feed intake and lower sickness behaviour when challenged with a combination of E.
coli lipopolysaccharide with human serum albumin at day 28 of age (Simon et al., 2015).
Taking together the findings from these studies and findings from the current thesis,
there is a growing body of evidence that early feeding supports broiler resilience to infectious
diseases in later life. Several biological mechanisms have been proposed through which
post-hatch feeding strategy may affect broiler resilience in later life (reviewed by Zubair and
Leeson, 1996; Noy and Sklan, 1997; Friedman et al., 2003; Noy and Uni, 2010, Willemsen
et al., 2010; de Jong et al., 2017). Some examples are through the uptake of residual yolk
(RY), through nutrient availability for physical development, and through development of the
immune system with possible long-term modulations to the type of immune responses. These
are discussed in the following sections.
Residual yolk
It has been suggested that early feeding stimulates the uptake of RY by activating
digestive enzymes and/or increasing peristaltic movements (Noy and Sklan, 1998; Sklan and
Noy, 2000). Although some studies showed that early feeding resulted in lower weight of the
RY until approximately 4 days of age compared to delayed feeding (Romanoff, 1944; Bierer
and Eleazer, 1965; Moran and Reinhart, 1980; Noy and Sklan, 1998; Noy and Sklan, 2001; ElHusseiny et al., 2008; Bhanja et al., 2009; Cardeal et al., 2021), weight of the RY did not differ
at 48 hours and 96 hours of age between post- hatch feeding strategies in the current thesis
(Chapter 4) and in other studies (Bigot et al., 2003; Gonzales et al., 2003; Franco et al., 2006;
Gaglo-Disse et al., 2010; Tabedian et al., 2010; van den Brand et al., 2010; Hollemans et al.,
2020a). Effect of post-hatch feeding strategy on weight of the RY are therefore inconsistent
and it can be questioned if a higher total uptake of RY explains the higher broiler resilience
that is found in early compared to delayed fed broilers.
Perhaps early fed broilers utilize the RY content differently compared to delayed fed
broilers, without affecting the weight of the RY. For instance, it has been found that early fed
chicks mainly utilized amino acids and minerals from the RY, whereas delayed fed chicks
utilized lipids and moisture (Romanoff et al., 1944; Moran and Reinhart et al., 1980; Hopcroft
et al., 2020). It can be speculated that chicks can also actively use the RY for development
of the immune system, as the RY has been suggested to play a role in immune development
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(Murakami et al., 1992; Osama and Huwaida, 2013). Yolk is rich in IgY that are deposited
in the yolk by the hen (Kowalczyk et al., 1985; Ulmer-Franco et al., 2012). The humoral
immune response of a neonatal chick is fully dependent on this maternal IgY, as their own
immunoglobulin production of IgM and IgA isotypes is still immature in early life (Lawrence
et al., 1981). If early feeding stimulates specific uptake of IgY, this may enhance disease
resilience in early fed broilers.
Immune organ development
Another biological mechanism that may explain the difference in disease resilience
between post-hatch feeding strategies concerns the availability of nutrients. Some egg
nutrients, such as carbohydrates, vitamins, and specific fatty acids, are depleted in the RY at
hatch moment (Yair and Uni, 2011; Cherian, 2015). Some of these nutrients, such as omega-3,
are essential nutrients, which cannot be synthesized by the chick itself. If these essential
nutrients are not provided with feed directly after hatch, there will be a period of shortage
during early life. Many organs, including immune related ones, develop rapidly during early
life, and their optimal development demands adequate nutrient and energy resources (Kwak
et al., 1999; Rudrappa and Humphrey, 2007). Early feeding can provide these nutrients,
whereas delayed feeding extends the period of nutrient shortages post hatch and thus limits
immune organ development. It has previously been shown by others that delayed feeding can
result in lower weight of the bursa or spleen relative to body mass (Dibner et al., 1998; Simon
et al., 2014). Relative weights of the bursa at 48 hours or 96 hours after hatch were not affected
by post-hatch feeding strategy in the current thesis (Chapter 4), although it could be the case
that some crucial alterations in immune organ development are not reflected in the weight
of the organ. Furthermore, only the bursa was investigated in the current thesis and perhaps
other organs that are involved in the immune system were affected as well. Intestinal weights
were lower and morphology was worse at 48 hours and 96 hours in delayed compared to early
fed broilers (Chapter 4) and the gut can be considered to some extent to be an immune organ
as well. After all, the gut mucosa and the epithelial barrier are the first line of defense against
enteric pathogens and immune response to enteric pathogens can modulate the general
immune system of a chicken (Friedman et al., 1994; Broom, 2019). If lower development
of immune organs cannot be compensated at later ages, this may explain the lower broiler
resilience that was found in delayed fed broilers.
Maturation of the immune system
The higher resilience in early compared to delayed fed broilers may be explained by an
accelerated maturation of the immune system. Biliary IgA, systemic IgM natural antibodies,
mature B-cells (expressed by BU-1 marker), germinal centers in cecal tonsils, and colonization
of the hindgut and bursa with lymphocytes were all found at younger ages in early fed broilers
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compared to delayed fed broilers (Dibner et al., 1998; Juul-Madsen et al., 2004; Shira et al.,
2005; Simon et al., 2014).
Maternal IgY levels in newborn chicks decrease gradually over time during the first 2
weeks of age (Gharaibeh and Mahmoud, 2013). In the current thesis, lower IgY levels were
often found in early fed compared to delayed fed broilers (Chapter 4). Additional data shows
that 48 hours delayed fed broilers have approximately the same IgY levels as early fed broilers
48 hours later (Figure 5). This could be an indication that early feeding indeed accelerates
maturation of the immune system, but that it may just be a head start in maturation and not
an improvement of development.

Figure 5. IgY natural antibodies against keyhole limpet hemocyanin titer at day 7 and 9 of age in broilers after early
feeding compared to delayed feeding.

It can be speculated that a head start in development of the immune system will provide
short term support of broiler resilience for early fed chickens up until the adaptive immune
system of delayed fed broilers is functional, which seems to occur during the first 2 weeks of
age (Friedman et al., 2003; Shira et al., 2005; Taha-Abdelaziz et al., 2018). In that case, effects
of post-hatch feeding strategy on broiler resilience will probably mainly be pronounced
at young ages and to lesser extent in older broilers (> 2 weeks old). This may explain why
differences in broiler resilience were more evident in the response to colibacillosis, which
was induced at day 8 of age, compared to necrotic enteritis that was induced at day 21 of
age. Hollemans (2020) concluded in his thesis that early feeding may improve resistance to
infectious diseases during the first week of age because higher IgM natural antibodies were
found in early compared to delay fed broilers up to 7 days of age, whereas at older ages no
difference in systemic humoral immunity was found.
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It should be noted though that broiler age was not the only difference between the
experiments that were conducted within this thesis. The age of the parent flock (Cardeal et
al., 2021) and the type of disease (respiratory vs intestinal) may also explain why differences
in resilience were more pronounced during the colibacillosis experiment. Nevertheless,
mortality during necrotic enteritis at 3 weeks of age tended to be lower in early compared
to delayed fed broilers (P = 0.06, ∆ = 6.6%). Furthermore, others studies showed beneficial
effects of early feeding on disease response up to at least 28 days post-hatch, as was previously
described in more detail (paragraph ‘3.1 Resilience’). Possible explanations for such longterm alterations due to early feeding include immunomodulation through alterations in gut
microbiota (Brisbin et al., 2008; Kabir, 2009; den Hartog et al., 2016), oral tolerance (Klipper
et al., 2001), dietary compounds (reviewed by Cherian, 2015), gene expression (Xu et al.,
2012; Powell et al. 2016), or trained innate immunity (Netea et al., 2020), but some of these
concepts have been introduced only relatively recently and need further investigation for their
contribution to broiler resilience.
Stress
Stress through post-hatch feeding strategy may contribute to alterations in broiler
resilience. Feed restriction is known to cause stress in chickens aged 3 weeks or older,
expressed by higher plasma corticosterone concentrations, increased peripheral heterophil to
lymphocyte ratio, and/or behavioural changes (Buckland et al., 1974; Nir et al., 1975; Freeman
et al., 1980; Scott et al., 1983; Hocking et al., 1996; Najafi et al., 2015; Pál et al., 2015). It has
often been speculated that, in contrast to older birds, feed restriction is less stressful in neonatal
birds because the latter possess RY in their abdominal cavity that can be transported directly
into the gastrointestinal tract for up to 5 days post hatch (Esteban et al., 1991; Jeurissen et al.,
1991; Noy et al., 1996; van der Wagt et al., 2020). However, the current thesis indicates that
the availability of residual yolk probably does not prevent stress in chicks that have delayed
access to feed and water after hatch. In Chapter 4, 2.5 x higher corticosterone level was found
in 48 h-delayed fed broiler at 48 hours after hatch compared to early fed broilers and this is in
line with previous findings (van de Ven et al., 2013). Corticosterone increases the number of
peripheral heterophils and decreases the number of lymphocytes (Shapiro and Schechtman,
1949; Weller and Schechtman, 1949; Bannister, 1951; Glick, 1958; Wolford and Ringer, 1962;
Bishop et al., 1968) and consequently a short-term impairment of disease resilience may
occur in delayed fed broilers.
Stress is not always disadvantageous for immunocompetence. It has been shown that acute
stress (2 h) enhanced leukocyte responses in the skin (Dhabhar, 2002). The author suggested
that acute stress prepares the immune system for an infection by leukocyte redistribution.
This indicates that although corticosterone affects blood lymphocyte profiles, acute stress may
not results in immunosuppression or impaired disease resilience. Oppositely, chronic stress
decreases the amount of Natural Killer cells and increases susceptibility to infectious diseases
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(reviewed by Dhabhar, 2014). Whether delayed feeding causes chronic stress may depend on
the duration. Findings from Khosravinia and Manafi (2016) suggest that feed restriction of
36 hours may not yet be stressful to the neonatal chick, because chicks showed no attempts to
escape from a non-fed area, whereas a duration of 48 hours resulted in a significant increase
of jumping attempts. Therefore, it can be speculated that short durations of delayed feed
access after hatch (< 48 h) may not have a negative impact on the immune system, whereas
longer durations (> 48 h) may be a risk factor for chronic stress and immunosuppression and,
consequently disease resilience may be impaired.
It has been suggested that stress during early life can alter fear responses of chickens
in later life (Janckzak et al., 2006), possibly through gene expression in the hypothalamus
(Xu et al., 2012). Hedlund and Jensen (2019) showed that laying hens that experienced more
stress during hatchery processes had higher increases in corticosterone levels during manual
restraint at 6 day of age and more physical injuries at 140 days of age. This suggests that
stress during early life of chickens may impair the ability to cope with stress during later life.
Therefore it can be speculated that stress by delayed feeding impairs the ability of a broiler
to cope with stress during later life and possibly this has an additional decreasing effect on
resilience to infectious diseases as was discussed in the previous paragraph. No evidence was
found for a long term increased stress response through delayed feeding during early life,
but further research is recommended, as this was not the scope of the current thesis and was
therefore not thoroughly investigated with just one behavioural test at day 13 of age (Chapter
4).

Incubation temperature × post-hatch feeding strategy
Early feeding does not always guarantee a higher broiler resilience compared to delayed
feeding. In some cases the effect of post-hatch feeding strategy was dependant on incubation
temperature. These interactions will be discussed now. It should be noted that regardless
of post-hatch feeding strategy, incubation at temperatures other than a constant EST of
37.8°C lowered broiler resilience (discussed later in paragraph ‘3.3 Incubation temperature’).
Therefore, any EST pattern other than a constant EST of 37.8°C is referred to as ‘suboptimal
EST’.
Suboptimal EST × post-hatch feeding strategy: Resilience
Findings from the current thesis indicate that early fed broilers that are incubated at
suboptimal EST may have more difficulties to cope with systemic, but not local, infections
compared to delayed fed broilers that are incubated at suboptimal EST. At suboptimal EST,
early fed broilers had a lower resistance to systemic infection with pathogenic E. coli compared
to delayed fed broilers, which was expressed by 11 % higher incidence of E. coli in blood and
10 % higher incidence of systemic lesions (pericardium + liver) (Chapter 6). Furthermore,
at suboptimal EST, early fed broilers had a higher severity of colibacillosis lesions compared
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to delayed fed broilers, which suggests that the tolerance to a systemic E. coli infection was
also worse in the suboptimal EST × early feeding group compared to the suboptimal EST ×
delayed feeding group.
Resilience to necrotic enteritis did not show an interaction between incubation
temperature and post-hatch feeding strategy (Chapter 5). In this experiment a remarkably
high 1st week mortality occurred in all treatment groups (average 7.7 %). First week mortality
tended (P = 0.07) to be higher in the suboptimal EST × early feeding group compared to the
suboptimal EST × delayed feeding group in this experiment (+ 5.5 %) (Chapter 4). Lamot
et al. (2016) also found remarkably high mortality in their study (approx. 8.6% between day
0 – 28), and again mortality was especially high in early compared to delayed fed broilers.
Possibly, incubation temperature was suboptimal in their study too, but EST was not reported.
De Jong et al. (2017) found in their meta-review of 75 studies on early feeding that 48 hours
of delayed feeding resulted in higher mortality during rearing (day 0 – 42) than early feeding.
This suggest that, in general early feeding has a positive effect on survival, but some factors
exist which cause early feeding to be detrimental to the chick. Findings from the present
studies suggest that suboptimal incubation temperature may be one such factor.
Suboptimal EST × post-hatch feeding strategy: immunomodulation
The combination of a suboptimal EST pattern with early feeding may have suppressed
the immune responses of broilers to such an extent that responses were too low to overcome
systemic infections. It has been shown that a suboptimal incubation temperature can suppress
the post hatch immune system through suboptimal development of lymphoid organs (Oznurlu
et al., 2010; Leandro et al., 2013; Liu et al., 2013) or through gene expression of cytokines that
are involved in inflammatory immune responses (Saleh and Al-Zghoul, 2019). A suboptimal
EST altered morphology of bursal follicles at hatch moment and the blood lymphocyte profile
from hatch up to at least 3 days of age in the current thesis (Chapter 3 and 4). These alterations
in immune related parameters may be evidence of a weaker immune systems, although this
requires further investigation. As previously described, post-hatch feeding strategy can also
cause persistent modulations in the type of immune response (reviewed by Taha-Abdelaziz et
al., 2018). Indications have been found that early feeding suppresses inflammatory immune
responses compared to delayed fed broilers, such as lower expression of MHC-II on B-cells,
altered fatty acid metabolism, higher vitamin-E status, higher cyclooxygenase expression,
lower cytokine production, and higher biliary IgA (Juul-Madsen et al., 2004; Gonzalez et
al., 2011; Ao et al., 2012; Simon et al., 2015; Hollemans et al., 2020b; Proszkowiec-Weglarz
et al., 2020). It has been shown in humans that immunosuppression can be beneficial during
infections with Streptococci or E. coli (Husson et al., 2016), which could explain the higher
broiler resilience after early feeding discussed earlier. However, it has also been shown that the
immune system can be suppressed to such an extent that phagocytosis of intestinal pathogens
like Salmonella is too low (Sijben et al., 2001; Cherian et al., 2007). Thus, early feeding as
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EST pattern × delayed feeding
The higher EST × delayed feeding group and the control EST × delayed feeding group
did not differ in incidence of colibacillosis or systemic lesions, nor did growth performance
after disease either. Furthermore, regardless of post-hatch feeding strategy, a higher EST of
38.9°C during the second week of incubation lowered the probability to survive colibacillosis
compared to a constant EST of 37.8°C. Mortality is assumed to be a strong indicator of lower
resilience, as it indicates non-recovery or ‘ultimate loss of function’. Therefore, although lower
severity of colibacillosis lesions and lower incidence of E. coli in blood was found in higher
EST × delayed feeding compared to control EST × delayed feeding (Chapter 6), no strong
evidence was found that delayed fed broilers had a higher resilience if they were incubated at
a higher EST of 38.9°C during the second week of incubation compared to a constant EST of
37.8°C.

Incubation temperature
Broiler resilience was also affected by a main effects of incubation temperature
independent to post-hatch feeding strategy. It was hypothesized that a higher EST of 38.9°C
during the second week of incubation in combination with a lower EST of 36.7°C during late
incubation would result in higher broiler resilience compared to a constant EST of 37.8°C, but
this hypothesis could not be accepted.
Resilience
Neither a higher EST of 38.9°C during the second week of incubation, nor a lower EST
of 36.7°C during late incubation, nor the combination thereof, improved broiler resilience
compared to a constant EST of 37.8°C. In fact, resilience seemed to be deteriorate due to these
alternative EST patterns. A higher EST during mid incubation appeared to lower the ability
to recover from a disease, expressed by a lower probability to survive colibacillosis compared
to a constant EST of 37.8°C (Chapter 6). A lower EST during late incubation seems to impair
all three aspects of resilience compared to a constant EST of 37.8°C; a lower disease resistance
was expressed by a shorter timespan between Eimeria inoculation and first loss in ADG; a
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well as suboptimal EST may synergistically suppress immune responses, which could explain
the lower disease resilience to systemic infection in this treatment group compared to the
suboptimal EST × delayed feeding group. EST and post-hatch feeding strategy interacted on
natural IgY antibody response during necrotic enteritis (Chapter 5) and natural- and E.coli
IgY and IgM antibody response during colibacillosis (unpublished). Antibody titers were
inconsistently lower, higher, or did not differ at all in this thesis, so whether this indicates
immunosuppression cannot be concluded with certainty. Additionally, only antibodies were
measured in the current thesis, whereas cellular immune responses probably played a large
role in resilience to systemic infections (French et al., 2020).
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lower disease tolerance was expressed by a higher loss in ADG during necrotic enteritis and
a higher number of oocysts in feces of broilers that were incubated at a lower EST during
late incubation (Chapter 5); and a lower recovery ability was expressed by a higher 1st week
mortality (Chapter 4) and a tendency for higher overall mortality during rearing (Chapter 3).
Jabbar et al. (2020) also showed that a lower EST during later incubation increased mortality
rates during rearing. Thus, despite our hypothesis that the alternative EST patterns would
improve broiler resilience compared to a constant EST of 37.8°C, the opposite was found. The
effects of alternative EST patterns on embryo development and chick quality characteristics
at hatch will be discussed in the following paragraphs and may explain the lower broiler
resilience in later life.
Immune system
A higher EST of 38.9°C during the second week of incubation and a lower EST of
36.7°C during late incubation may have impaired development of immune organs compared
to a constant EST of 37.8°C. At hatch moment, the density of cells within bursal follicles
seemed to be affected in both directions by these alternative EST patterns (Chapter 3). These
findings indicate that bursal development was affected to some extent by the alternative
EST patterns, and it can be speculated that the alterations expresses impaired development.
Other studies, with high incubator air temperatures, confirm that physical development of
lymphoid organs during embryogenesis and morphology at hatch moment can be impaired
by incubation temperature (Oznurlu et al., 2010; Liu et al., 2013; Sozcu and Ipek, 2015; Flores
et al., 2016; Maatjens et al., 2016a; Leandro et al., 2017). It is not known whether alterations
in immune organ development that are found at hatch persist during rearing, but perhaps
impaired physical development of the bursa may have had a lasting effect on the broiler’s
immunocompetence, explaining the worse resilience to necrotic enteritis and colibacillosis
after a higher EST of 38.9°C during the second week of incubation or a lower EST of 36.7°C
during late incubation compared to a constant EST of 37.8°C. For example, the alternative
EST patterns affected the ratio of lymphocytes to heterophils from hatch up to at least 3 days
of age (Chapters 3 and 4). Furthermore, the alternative EST patterns resulted in a higher
Newcastle disease titer at slaughter age compared to a constant EST of 37.8°C (Chapter 3).
This indicates that the alternative EST patterns had long lasting effects on the broiler’s adaptive
immune response. However, EST had no effect on other parts of the humoral immune system
like natural antibodies against keyhole-limpet hemocyanin (KLH) (Chapters 3 and 5). These
natural antibodies against KLH seem to be correlated with disease resilience in laying hens
(Star et al., 2007; Sun et al., 2011; Wondmeneh et al., 2015; Berghof et al., 2019c), but layertype chickens differ significantly in their immune response compared to broilers (Koenen
et al., 2002; Simon et al., 2016). To conclude, a higher EST of 38.9°C during the second
week of incubation and a lower EST of 36.7°C during late incubation affected bursal follicle
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Organ development
Besides immune organs, incubation temperature may have altered physical development
of other organs that can affect broiler resilience. For example, a lower EST of 36.7°C during
late incubation seems to affect villi and crypt morphology in the jejunum from hatch up to 2
days of age (Chapter 3 and 4). Early intestinal development seems to affect immune responses
in later life (reviewed by Lilburn and Loeffler, 2015), therefore suboptimal development of the
gastrointestinal tract during embryogenesis may indirectly result in suboptimal development
of immunocompetence during later life. Furthermore, a lower EST of 36.7°C during late
incubation resulted in a higher weight of the heart relative to yolk-free body mass (YFBM)
(Chapter 2 and 4). Maatjens (2016) showed similar results regarding the heart weight and
suggested that a higher relative heart weight at hatch could be predictive for improved later life
performance. The current thesis however, does not concur, since broilers that were incubated
at a lower EST of 36.7°C during late incubation had higher relative heart weight at hatch but
growth performance upon slaughter age was lower (Chapter 2). Additionally, it was shown
that broilers that were incubated at an even lower EST of 35.6°C during late incubation had
the highest heart weights at hatch but the lowest body weight at day 7 post-hatch (Maatjens et
al., 2016a+b). Similar results were seen in late hatching chicks that had larger yolk utilization
and higher relative organ weights, including the heart, but had depressed growth performance
during rearing (van de Ven et al., 2011). Furthermore, we showed that higher relative heart
weights that were found at hatch occur only very short term as they disappeared between 48
and 96 hours after hatch (Chapter 4). Moreover, as previously indicated, broiler resilience was
impaired by lowering EST to 36.7°C during late incubation. Heart weight at hatch does not
seem to predict later life performance or resilience of broilers.
Predictability of resilience by chick quality at hatch
Chick quality characteristics at hatch that were measured in this thesis may not be greatly
predictive of disease resilience in later life. Some chick quality characteristics, such as YFBM or
RY, were not different between EST treatments, whilst disease resilience was reliably impaired
under alternative EST patterns. Other chick quality characteristics did differ between EST
treatments, but the results were reversed between the alternative EST patterns and despite
this, both alternative EST patterns resulted in worse disease resilience. For instance, a higher
EST of 38.9°C during the second week of incubation resulted in a shorter incubation duration,
longer chick length, lower blood glucose level, lower relative heart weight, lower cell density
within bursal follicles, and a lower blood heterophil: lymphocyte ratio compared to constant
EST of 37.8°C, whereas all these characteristics showed a significant opposite effect when
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morphology at hatch moment. This may have affected immune responses in later life to such
an extent that resilience was impaired, but this needs further investigation.
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lowering EST during late incubation (Chapter 2 and 3). Therefore, none of these chick quality
characteristics seem to be predictive of later life resilience to pathogenic infections.

INCUBATION TEMPERATURE AND EMBRYO DEVELOPMENT
In the General Introduction of this thesis it was hypothesized that a higher EST of 38.9°C
during the second week of incubation and/or a lower EST of 36.7°C during late incubation
would enhance embryo development in terms of YFBM and organ development compared
to a constant EST of 37.8°C. Subsequently, optimal embryo development through these
alternative EST patterns was expected to result in a higher broiler resilience. However, as
previously discussed, the opposite occurred and broiler resilience was negatively affected by
these alternative EST patterns. In this section we discuss how the alternative EST patterns may
have affected actual embryo development differently to what was hypothesized at initiation of
this thesis.

Higher EST mid incubation
A higher EST of 38.9°C during the second week of incubation increases embryo body
temperature as embryos act poikilothermic for the major part of the incubation period
(Dietz and van Kampen, 1994; French et al., 1997). As a result of increased embryo body
temperatures, metabolism and embryo development may be accelerated, which results in a
higher heat production (Pearson et al., 1991; Lourens et al., 2011). This was indicated by a
higher heat production and a higher YFBM of embryos at embryonic day (E) 14 and E16
when EST was raised to 38.9°C from E7 onwards (Lourens et al., 2007; Nangsuay et al., 2016;
Nangsuay et al., 2017). In this thesis, embryo development and heat production were not
investigated. Therefore, it cannot be said with certainty that YFBM during the second week
of incubation was affected in the current thesis as well. Instead, chick characteristics were
measured at hatch, where at no difference in YFBM was found between a 38.9°C EST during
the second week of incubation compared to a constant EST of 37.8°C (Chapter 2 & Chapter
6). This indicates that either the rate of embryo development was not affected during the
second week of incubation at a higher EST or that any increase in YFBM that may have been
created in the second week of incubation decreased during the last week of incubation.
Comparable studies do not provide a decisive answer. On the one hand, van den Brand
et al. (2021) found no difference in embryonic heat production during the second week of
incubation between eggs from 37 – 45 week old broiler parent flocks that were incubated at
38.9°C or 37.8°C EST during 6 batches, which suggests that the rate of embryo development
was not affected. On the other hand, during an additional experiment which has not been
published yet, eggs were incubated at either a constant EST of 37.8°C or a 38.9°C EST
during the second week of incubation (and 37.8°C EST during wk1 and 3) with YFBM begin
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determined every 2 days from E8 onwards and at E19 and hatch. The higher EST during the
second week of incubation resulted in a higher YFBM at E14, E16, and E18 compared to a
constant EST of 37.8°C, whereas this difference disappeared at E19 and at hatch (Figure 7). It
should be noted that during incubation YFBM was determined at chronological age, whilst
at hatch YFBM is determined at biological age and chicks that are incubated at higher EST
during mid incubation hatch several hours earlier than those incubated at a constant EST of
37.8°C. Taken together, although a higher EST during mid incubation can increase embryo
developmental rate during mid incubation, this is not consistently seen, and differences in
development may diminish during the last week of incubation anyway.

Figure 7. Yolk-free body mass (YFBM) at different embryo ages (E) and at hatch when incubated either at constant
37.8°C or 38.9°C eggshell temperature during the 2nd wk of incubation (indicated with red dashed lines (EST wk 1
+3 = 37.8°C). * Indicates significant difference between treatments (P<0.05). (data from Priester et al., unpublished)

Lower EST late incubation
We hypothesized that lowering EST during the last week of incubation to 36.7°C would
lower the metabolic rate and thereby the oxygen demand and synergistically interact with
a higher EST during mid incubation on embryo development and chick quality at hatch.
Chapter 2 shows that this hypothesis was incorrect, because EST week 2 and week 3 did
not show an interaction on any chick quality characteristics at hatch and post hatch growth
performance (Chapter 2 and 3).
A lower EST during late incubation did not affect the conversion of yolk into body mass
during embryo development to the extent that was first expected. This expectation was based
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on findings from Maatjens et al. (2016b) who showed that a lower EST of 36.7°C from E15,
E17, or E19 onwards, resulted in higher YFBM and relative weight of the liver and heart at
hatch (Maatjens et al., 2016a). However, a higher YFBM at hatch was not consistently found
after lowering EST to 36.7°C during late incubation in our experiments or in those of others
(Maatjens et al., 2014a; Almeida et al., 2016; Morita et al., 2016; van den Brand et al., 2019;
Chapter 2 and 4). RY weight at hatch moment was also not different between a constant EST of
37.8°C and a lower EST during late incubation in this thesis and in previous studies (Maatjens
et al., 2014a; Almeida et al., 2016; Maatjens et al., 2016a; Morita et al., 2016; Hamidu et al.,
2018; Chapter 2 and 4), which indicates that the amount of yolk utilized seems not to be
affected by a lower EST during late incubation.
One very consistent observation is that of a higher relative heart weight at hatch
when lowering EST during late incubation (Maatjens et al., 2014a; Maatjens et al., 2016a;
van den Brand et al., 2019; Chapter 2 and 4). One theory proposes that a lower EST during
late incubation positively supports glycogen synthesis and this possibly lowers the need for
catabolism of proteins from the heart (Maatjens, 2016). However, this theory is not consistently
supported by other indicators of protein metabolism like plasma lactate, uric acid, or blood
pH and bicarbonate (Maatjens et al., 2014b; Maatjens et al., 2017; van den Brand et al., 2019).
Further refuting this theory is that it has also been shown that hearts that had higher weights,
due to hyperoxia during incubation, did not differ in protein content compared to smaller
hearts (van Golde et al., 1998), which suggest that weight of the heart may not be correlated
to protein content of the heart. Another theory proposes that the higher glucose availability
for lower EST incubated embryos increased utilization of yolk and albumen protein for heart
development (Maatjens, 2016). However, whilst the heart specifically seems to be consistently
affected, the same is not true for results on YFBM. Strong evidence for these glucosedriven mechanisms in which either protein is removed from the heart (through catabolism)
under suboptimal temperatures, or added to the heart (through anabolism) under optimal
temperatures, is lacking.
Instead, we here present a new theory to explain the higher relative heart weight that is
consistently found when lowering EST to 36.7°C during late incubation compared to a constant
EST of 37.8°C. Although chick embryos act poikilotherm and full thermoregulatory response
develops only after hatching (Dietz and van Kampen, 1994 ; French et al., 1997), embryos have
been observed to temporarily increase their heat production in response to cooling of the egg
(Romijn and Lonkhorst, 1955; Tazawa et al., 1989; Lourens et al., 2006; Szdzuy et al., 2008).
The increase in heat production was often relatively low and only temporary, but Szdzuy et
al. (2008) suggested that embryos do intent to respond to colder temperatures by increasing
their heat production, but that only a mild increase in heat production is observed because
the embryo is limited by oxygen availability. Other homeothermic mechanisms to cold, such
as vasoconstriction, may also occur. It has previously been shown that vasoconstriction can
indeed occur in avian embryos, as evidenced by a decrease in chorioallantoic blood flow in
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embryos from laying hens when incubator air temperature was lowered to 31.5°C or 34.5°C
during E12 to hatch (Nichelman and Tzschentke, 1999). During vasoconstriction, blood
pressure increases and high blood pressure may eventually lead to a higher heart weight
(Petersen et al., 2017). This suggests that the higher relative heart weight at hatch after lower
EST during late incubation may not be the result of enhanced embryo development but from
a thermogenic response. Therefore, the increased heart weight under lower EST does not
seem to occur due to enhanced development of the heart.
Homeothermic responses may result in less efficient conversion of yolk into embryo
body mass because these responses require energy. It has been shown that 37.4°C EST
during the last week of incubation compared to a constant EST of 37.8°C resulted in lower
absolute measure of lipids, moisture, dry matter, and crude protein in RY at hatch moment
whereas weight of the RY and weight and composition of the YFBM did not differ between
incubation temperatures (Almeida et al., 2016). Thus, yolk was utilized less efficiently at lower
EST during late incubation, perhaps because energy was used for homeothermic responses
instead of body development. The lower yolk conversion efficiency suggests that lowering
EST during late incubation may negatively affect embryo development, which could explain
the indications of worse chick quality characteristics at hatch that were found in the current
study, such as the minor but significant and consistent decrease in chick length (Chapter 2
and 4), the shorter jejunum villi length and crypt depth, and the higher cell density in bursal
follicles when EST was lowered to 36.7°C from E14 onwards (Chapter 2). In line with this,
lower EST incubated day-old chicks may have a later onset of thermoregulatory ability after
hatch compared to control EST, which was indicated by a tendency for a higher preferred
ambient temperature (∆ = 1.4°C; Chapter 2). This further supports that lower EST during late
incubation may negatively affect chick development, because post-hatch thermoregulatory
ability can be used to classify maturity (Whittow and Tazawa, 1991).
To conclude, a higher EST of 38.9°C during the second week, a lower EST of 36.7°C during
late incubation, and the interaction between them did not optimize embryo development
and chick characteristics at hatch in terms of YFBM. Instead, these alternative EST patterns
probably impaired embryo development as they negatively affected broiler resilience. The
first study on EST patterns already showed that a constant EST of 37.8°C during incubation
seems to result in most optimal embryo development and chick quality at hatch (Lourens et
al., 2005). Since then, no sound evidence has been generated that any other EST pattern will
positively affect embryo development and performance at later age and this thesis did not
either. Therefore, a constant EST of 37.8°C is still considered to be optimal.
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CHAPTER 7

MAIN CONCLUSIONS
•

Perinatal conditions can affect broiler resilience to respiratory and intestinal infectious
diseases in later life.

•

Direct access to feed and water after hatch results in higher resilience to infectious
diseases in broilers compared to 48 hours delayed access.

•

At a suboptimal eggshell temperature pattern, direct access to feed and water after hatch
lowers resilience to systemic, but not local, infections compared to 48 hours delayed
access.

•

A constant eggshell temperature of 37.8°C results in higher broiler resilience
to infectious diseases compared to a higher eggshell temperature of 38.9°C during the
second week and/or a lower eggshell temperature of 36.7°C during late incubation.

PRACTICAL IMPLICATIONS
•

Relatively small deviations in eggshell temperature (1.1°C) can already have a considerable
effect on broiler resilience during rearing. This emphasizes the importance of incubation
for the entire production chain and it shows the need for a low variation in temperature
within incubators.

•

Early feeding could be used as a strategy to increase broiler resilience to infectious
diseases in later life, lowering the need for antibiotics. It should be noted though that
resilience is not a holy grail. Infections may still occur, but the impact may be lower in
early compared to delayed fed broilers. Preventive measures such as sanitary protocols
and biosecurity are still needed.

•

Early fed broilers seem to prefer a lower ambient temperature compared to delayed fed
broilers up to at least 12 days of age, probably because feeding increases their development
and heat production. This indicates that there is an increased risk of overheating early fed
broilers. This should be considered during storage, transportation, and rearing.

•

Eggshell temperature during the last days of incubation can have a major impact on broiler
resilience, and it can interact negatively with early feeding. This should be considered
when incubating eggs in different types of hatching systems such as conventional
hatchers, hatchery fed, or on-farm hatching.
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•

This thesis found that disease resilience was affected by perinatal conditions. Some
biological mechanism were proposed to explain these results and these mechanisms
could be investigated using a fundamental approach in future studies.

•

Effects of post-hatch feeding strategy can be influenced by incubation temperature.
This should be taken into account when reviewing literature or when conducting future
studies on effects of post-hatch feeding strategy.

•

Small deviations in eggshell temperature seem to have a large impact on broiler resilience during
rearing. This emphasized that care should be taken when comparing literature on incubator air
temperature to eggshell temperature. It is proposed to monitor and report eggshell temperature
in future studies as an accurate reflection of the actual incubation temperature.

•

Perinatal conditions have a significant effect on resilience of fast-growing broilers. Other
poultry species such as layer-type chicken or turkey, have comparable management
conditions during their perinatal phase. Furthermore, most poultry diseases are
pathogenic to all poultry species. This suggests that it may be worthwhile to investigate
the effects of perinatal conditions in other chicken breeds and poultry species as well.

•

This thesis showed that very frequent observations of biological functioning is vital
to study all three aspects of resilience. Ideally, biological functioning is monitored
continuously in future studies on animal resilience, for instance with data collected
through precision livestock farming techniques (e.g. sensor data).

•

This thesis showed that delayed feeding may cause stress to the neonatal chick. Stress
during early life can have long term effects. Long term effects on stress mechanisms were
not thoroughly investigated in the current thesis so further research is suggested.

•

Early fed broilers seem to be ahead in development in terms of body growth, immune
responses, and thermoregulatory capacity compared to delayed fed broilers, specifically
during the first weeks of age. Current management conditions, such as vaccination
schedules, housing temperatures, or diet formulations, are often based on studies with
conventional delayed fed broilers. Possibly some management conditions have to be
reformulated for early fed broilers.

•

Chick quality characteristics at hatch do not always seem to be good predictors for later
life. Consequently, to study the effects of incubation conditions on chick development it
is advised to include the post-hatch period.
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The increasing global concern about rising antimicrobial resistance led to a growing
interest in alternative approached to prevent and control infectious diseases. One approach
is to support animal resilience. Resilience can be defined as the ability of an animal to cope
with environmental disturbances and reorganize with minimal loss of function. Resilience to
infectious diseases can be studied by measuring three complementary aspects; resistance to
becoming infected, tolerance during infection, and recovery from the infection.
Optimal early life conditions can have long-lasting effects and may therefore support
animal resilience. Until now, in broilers, effects of early life conditions on resilience against
infectious diseases were largely unknown. The moment of first access to feed and water after
hatch was hypothesized to affect broiler resilience in later life. In practice, broiler chicks either
have access to feed and water directly after hatch (defined as ‘early feeding’) or access to feed
and water is delayed for up to 72 hours (defined as ‘delayed feeding’). Secondly, incubation
temperature may affect broiler resilience in later life as it can also affect growth performance
in later life. A constant eggshell temperature (EST) of 37.8°C (Control EST) was considered
optimal. However, studies found indications that a higher EST of 38.9°C during the second
week of incubation (Higher mid EST) as well as a lower EST of 36.7°C during late incubation
(Lower late EST) may enhance embryo and chick development. Furthermore, the interaction
between a higher mid EST with lower late EST (alternative EST pattern) was not investigated
yet. We hypothesized that the alternative EST pattern would synergistically interact with early
feeding to enhance broiler resilience in later life.
Experiment 1 investigated the effects of alternative EST patterns on chick characteristics
at hatch, especially immune organ development, and later life immune responses and growth
performance. Results in this study did not show an interaction between higher mid and lower
late EST, nor a main effect for most chick characteristics at hatch and growth performance.
Lower late EST resulted in higher relative weight of various organs, such as the heart, compared
to control EST, but other chick characteristics did not differ. Lower late EST resulted in a
lower growth performance untill slaughter age. This was probably the result of a delayed hatch
moment and consequently a shorter time to grow, rather than impaired growth performance
(Chapter 2). Furthermore, no interaction between higher mid and lower late EST was found
for most measurements on immune organ development, blood lymphocyte profiles, and
immune responses during rearing. Higher mid EST resulted in lower cell density within
bursal follicles and a lower blood heterophil: lymphocyte ratio compared to control EST, and
this was reversed for lower late EST. Natural antibodies during rearing were not affected by
EST. Newcastle disease titer at slaughter age was higher for higher mid EST compared to
control EST. Furthermore, a tendency for higher mortality during the total rearing period
was found for a lower late EST compared to a control EST. So, indications were found that
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incubation temperature could affect broiler’s later life and their immune system, but effects on
resilience remained unknown yet (Chapter 3).
Because no interaction was shown between higher mid and lower late EST, the effects of
these were tested separately in the following two experiments, and post-hatch feeding strategy
(early or delayed by 48 hours) was included.
Experiment 2 investigated late incubation temperature, post-hatch feeding strategy,
and the interaction between them on physiological regulatory systems during early life and
resilience to necrotic enteritis during later life. There was no interaction of EST x feeding
strategy, except that the lower late EST × early feeding group tended to result in higher 1st
week mortality compared to the other 3 treatment groups. Early feeding resulted in higher
body development at 2 days and 4 days post hatch. Additionally, early feeding reduced stress
on the short term, expressed by lower plasma corticosterone, but no later life effects on stress
response were found. Early feeding stimulated thermoregulatory ability to at least 12 days
post hatch compared to delayed feeding, expressed by lower preferred ambient temperatures
(Chapter 4). Necrotic enteritis was induced at day 21 of age. Mortality and body weights
were measured daily for 2 weeks and disease morbidity was assessed at day 28 and 29. No
interaction between EST and post-hatch feeding strategy on disease resilience was found. A
lower late EST lowered resilience to necrotic enteritis compared to control EST, expressed by
higher losses in ADG and higher oocysts in feces. Early feeding tended to enhance resilience
to necrotic enteritis compared to delayed feeding, expressed by a tendency for lower mortality
rate. Disease morbidity, expressed by intestinal lesions at day 28 and 29, was not affected by
EST nor post-hatch feeding strategy (Chapter 5).
Experiment 3 investigated the effects of mid-incubation temperature, post-hatch feeding
strategy, and the interaction between them on broiler resilience to colibacillosis. Colibacillosis
was induced at 8 days of age. Body weights were measured daily for 13 days, morbidity was
evaluated at 6 moments post E. coli inoculation, and mortality was noted daily. Results showed
that higher mid EST with early feeding resulted in a higher incidence of systemic infections,
expressed by a higher percentage of broilers with E. coli in blood and lesions in the liver
and/or pericardium, whereas the amount of E. coli and severity of systemic lesions were not
affected. At control EST, systemic infection was not affected by feeding strategy and severity
of total mean lesions score was lower for early compared to delayed feeding. Early feeding
resulted in a lower incidence of local infection, lower daily body weight losses, and higher
growth performance until slaughter A higher mid EST lowered the probability to survive
colibacillosis.
To conclude, early feeding results in higher resilience to infectious diseases in broilers
compared to delayed feeding. At suboptimal EST, early feeding lowers broiler resilience to
systemic, but not local, infections compared to delayed feeding. Both higher mid EST and
lower late EST result in a lower resilience to infectious diseases in broilers compared to a
control EST (37.8°C).
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Jeroen Snijders door hun hulp tijdens mijn experimenten. Voor anderen was die bijdragen
misschien niet direct zichtbaar, maar ook jullie hebben me indirect geholpen door jullie
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het heeft me altijd een vertrouwd gevoel gegeven. Kortom, je was een fijne pa! Je bent nu nog
steeds een fijne pa, maar daarnaast ben je nu ook een fijne opa voor mijn meiden. Dat laatste
is minstens zo belangrijk en helemaal niet zo vanzelfsprekend na wat er zich de laatste jaren
heeft afgespeeld. Ik ben enorm trots op je grote vriend!
Dan nog de twee belangrijkste gasten op mijn promotiefeestje… Lieve Madée en Sammie,
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vriendinnen geen knuffel kon geven voor het slapen gaan. Wat was het dan altijd extra fijn
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“Last best” zoals men dat altijd zegt wil ik natuurlijk nog Marisja bedanken. Ik weet dat
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weer eens op gekke tijden moest werken en jij achterbleef met een pasgeboren ontroostbare
Sammie vanwege nachtelijke krampjes. Je hebt jezelf altijd weggecijferd en deed eigenlijk
nooit een beroep op me. Je gaf me daarnaast ook nog de ruimte om in mijn vrije tijd op stap
te gaan wanneer ik dacht dat even nodig te hebben. Altijd zorgzaam, het hele huishouden
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runnen naast je eigen baan en een topmoeder zijn voor onze meiden. Dit heeft mij ontlast en
ervoor gezorgd dat ik altijd met een gerust hart van huis weg kon. Ook toonde je telkens weer
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