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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, whether these early-life conditions affect disease resilience of
chickens at later ages has never been studied yet. Hence, we studied the effects of
EST [(37.8◦ C (control) or 36.7◦ C (lower)] during late incubation (≥embryonic days
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 × 2 factorial arrangement.
At hatch, 960 broilers of both sexes from a 54-week-old Ross breeder flock were
equally divided over 32 pens (eight replicate pens per treatment combination) and
grown for 6 weeks. Necrotic enteritis was induced by a single inoculation of Eimeria
spp. at d 21 and repeated Clostridium perfringens inoculation (3×/d) during d 21–25.
Mortality and body weight (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 Eimeria 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
conclusion, a few indications were found that a lower EST during late incubation as well
as delayed feeding after hatch may each 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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INTRODUCTION

up to 72 h in case of long transport duration (17, 18). Despite
the availability of abdominal residual yolk during this period,
withholding neonatal chicks from feed and water has been shown
to result in body weight (BW) loss and an impaired or delayed
onset of gastrointestinal development (19–22), thermoregulation
(23), and immunocompetence (24–26). 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 (24, 27–
29). 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 (30, 31).
This study aimed to investigate the 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 the hatch moment and will have a higher
benefit from early feeding.

There is an increased global concern about the high use of
antimicrobials and potentially related resistance threats (1).
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 (2).
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 (3) and environmental conditions in this period
can affect the animal’s immune system in later life (4).
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 are affected by their temperature. Embryo
temperature is accurately reflected by eggshell temperature
(EST) (5). Changes in EST patterns during incubation can
affect chick quality at hatch and can even affect growth
performance throughout life (6–10). Moreover, EST can affect
the immunocompetence of broilers in later life by alterations
in peripheral lymphocyte numbers (11), mucin expression
and salmonella enteritidis colonization in the gut (12), and
Newcastle disease vaccination response (13). So far, a constant
EST of 37.8◦ C throughout incubation is regarded optimal in
terms of chick quality at hatch (14). 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 (15) and heart weight (15, 16). 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 (13, 16). 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 chicks,
but likely ∼48 h is common whereas it was described to last

MATERIALS 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 was 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 × 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 access to feed and water within 3–6 h after hatch (early
feeding) or within 51–54 h after hatch (delayed feeding).

Egg Selection
Eggs from a 54-week-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 two 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
(32), 10 egg trays with 150 eggs each were bulk-weighed to

Abbreviations: ADG, average daily gain; E, embryonic day; EST, eggshell
temperature; FPD, footpad dermatitis; KLH, keyhole limpet hemocyanin; Nab,
natural antibodies; NE, necrotic enteritis; OPG, oocysts per gram of feces; PEI,
post Eimeria inoculation; TMLS, total mean lesion score.
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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
the “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 (including 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 ∼3 h to a grow-out facility from
Poulpharm, Zwevegem, Belgium.

determine the average egg weight (70.1 g). Three equal weight
classes within 1.5 g of the average egg weight were determined
(69.35–69.85, 69.86–70.35, and 70.36–70.85). Thereafter, eggs
were weighed individually until 446 first-grade eggs (clean and
without hairline cracks or malformations) per weight class were
selected (total 1,338 eggs). Eggs were transported for ∼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 (33)]. Four EST sensors (NTC
Thermistors: type DC 95; Thermometrics, Somerset, UK) were
attached to the equator of the eggshell of four individual eggs,
using a silicone heat sink compound (Type 340; Dow Corning,
Midland, MI) and a small piece (∼1.5 × 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 (34) such that eggs were linearly
warmed from storage temperature to 30.6◦ C EST in 5 h and from
30.6 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, the incubator temperature was continuously adjusted, based
on the median temperature of the four 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 (RH) 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 four
incubators (four baskets per incubator). Two incubators were
aimed at an EST of 37.8◦ C (control EST), whereas the other two
incubators aimed at an EST of 36.7◦ C (lower EST). EST control
in all four incubators was performed as described above. RH was
maintained between 45 and 75%, and CO2 levels were maintained
below 3,500 ppm. After 468 h of incubation (E19 12 h), the
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 (35).

Grow-Out
Layout
On arrival at the grow-out facility (regarded as day 0), 960 broiler
chicks were selected randomly and divided over 32 floor pens in
one broiler house (eight replicate pens per treatment). Pens were
divided over eight equal blocks (four pens per 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 ×
105 cm and fenced with a 60-cm-high solid mesh. The concrete
pen floor was covered with a 1-cm-thick layer of wood shavings.
Each pen contained four 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 relocated
individually to the fed side of the pen 48 h after it had received
its neck tag. As a result, delayed-fed broilers had access to feed
and water within 51–54 h post hatch. Fences and cardboard were
removed after all broilers were relocated to the fed side of the pen.
Which treatment was contained in a pen was blinded from that
moment onward.

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 was provided 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
(36). 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,

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 hours after a chick was marked, it was pulled from the
incubator and classified either as a second-grade chick if any
abnormality was observed (e.g., crossed beak, blindness, exposed
brains, four legs, and exposed yolk) or as a first-grade chick
(all remaining chicks). All second-grade chicks were excluded
from the experiment. The first-grade chicks (N = 1,028) were
feather sexed, marked with a plasticized paper neck tag (size 5 ×
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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 ∼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 these were scored blind by trained
veterinarians. At ∼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 a total of 100 broilers at ∼3 h before Eimeria inoculation. To
ensure that the remaining living broilers (20 per pen) were closest
to treatment 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 (five broilers per pen
per day). 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 groups. At d 14 PEI, five broilers
per pen were dissected (three females and two 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 (41).
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 (42). E. acervulina,
E. maxima, and Eimeria 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 the scores of each Eimeria type, resulting in
a TMLS severity score between 0 and 12 (43). Incidence was
calculated by classifying broilers with a TMLS of 1 or more as
coccidiosis positive.
Dysbacteriosis was scored according to protocol (44). 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 a dysbacteriosis score of 3
or more as dysbacteriosis positive.

Newcastle disease vaccination (Avishield ND) and Gumboro
disease vaccination (Nobilis Gumboro D78) were provided via
drinking water.

Climate
Ambient temperature set point was 35◦ C at placement and
was linearly decreased to 20◦ C at d 24, and this set point
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. RH 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
every 24 h was added each day until 6 h of darkness every 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 (37). 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
3×/day (∼8:00 am, 11:00 am, and 02:00 pm) with ∼1 × 109
colony-forming units of a netB-positive Clostridium perfringens
strain 56 (38, 39). The C. perfringens strain was streaked onto
a Columbia sheep-blood agar (37◦ C, anaerobic incubation for
∼18 h). Next, different isolated colonies were selected for further
constitution of the bacterial inoculum. Colonies were aseptically
transferred into a brain heart infusion (BHI) medium and
incubated overnight (37◦ C, anaerobic incubation for ∼15 h).
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 sheepblood agar. All plates were incubated anaerobically at 37◦ C for
∼18–24 h.

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 well-being and were culled by caretakers if a humane
endpoint was reached, as defined by (40).
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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 (48).
Footpad dermatitis (FPD) for both feet was assessed in
all dissected broilers at all days, using the protocol of (49).
Macroscopic lesions were scored blind by trained veterinarians at
0 (no lesions, only mild hyperkeratosis, and 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
the final score. A score of 2 was only found once (d 35). Therefore,
scores of 1 and 2 were merged as a score of 1 and classified as
FPD positive.

Oocyst shedding was assessed in all pens at 1 day before
Eimeria inoculation and at d 4 and 7 PEI (d 20, 25, and
28 post hatch, respectively). Several fresh droppings (∼200 g)
were collected and mixed per pen. Oocysts per gram of feces
(OPG) from E. acervulina, E. maxima, E. mitis, E. tenella,
Eimeria brunetti, and Eimeria necatrix/praecox were counted
according to the McMaster method (45). The Eimeria spp.
differentiation was based on the morphometrical examination of
each oocyst according to the protocol (46) 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 OPGs 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 (d 21, 27, and 35 post hatch, respectively),
blood was collected from the wing vein of two broilers per pen
(one male and one female) randomly chosen from the ones that
were selected for dissection. Blood was collected in natriumheparinized tubes (Vacuette 4 ml FX, Greiner Bio-One), stored
on ice, and plasma was collected after centrifugation at 2,000
× 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 (47). 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 Na2 CO3 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
or 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
a dilution buffer [(phosphate-buffered saline (PBS; 10.26 g/L
Na2 HPO4 ·H2 O, 2.36 g/L KH2 PO4 , and 4.50 g/L NaCl; pH
7.2), containing 1% horse serum and 0.05% Tween 20)]. Predilutions were further diluted with a dilution buffer such that
the tested plasma dilutions 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 a 100 µl substrate buffer (tetramethylbenzidine +
0.05% H2 O2 ). After 20 min, the reaction was stopped with
50 µl of 1.25 M H2 SO4 , and extinctions were measured at
450 nm with a microplate spectrophotometer (Multiskan Go,
Thermo Scientific, Breda, The Netherlands). Antibody titers
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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×FEEDij + eij

(1)

where Yij = the dependent variable, µ = the overall mean, ESTi =
eggshell temperature during late incubation (i = 36.7 or 37.8◦ C),
FEEDj = feeding strategy (j = early or delayed), EST × 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, the percentage of broilers that died
or culling percentage was 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 per pen) minus
the number of broilers dissected for morbidity scores at d 6 and
7 PEI (10 per pen). Total mortality was calculated as the sum of
broilers that died PEI and were culled PEI.
All remaining data were 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 a fixed factor. Besides, sex-and-treatment interactions
were added (sex × EST, sex × FEED, and sex × EST × FEED).
Preliminary statistical analysis did not show significant effects
of sex × EST or sex × EST × FEED for any of the variables,
and therefore, these interactions were deleted from the model.
A significant interaction between sex × FEED was found only
for FPD at d 6 PEI, and sex × 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, and total mortality), changes in BW (BW
and ADG), OPG, and natural antibodies. Model assumptions
were verified by inspection of residual plots, and non-normally
distributed data were log-transformed. For BW during d 0 to
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10 PEI, the 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. The covariance structure was
selected based on the best model fit according to the smallest
Akaike’s information criteria, resulting in a Toeplitz covariance
structure. Data are 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 P-values >0.05 and ≤0.10 were considered 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, and 14 PEI) was added as a fixed factor to model 1 and the
veterinarian that performed the observation as a random factor.
For FPD, BW was added as a covariate. Data are expressed as
mean ± SE. A P-value ≤ 0.05 was considered as significant, and
P-values >0.05 and ≤0.10 were considered as a tendency.

TABLE 1 | Effect of eggshell temperature (EST) during late incubation
[≥E17–E19.5; 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 weeks following necrotic enteritis
induced at d 21 post hatch (LSmeans ± SEM).
Na

Died (%)

Culled (%)

Total mortalityb (%)

EST
Control

16

9.9

4.9

14.8

Lower

16

15.0

3.1

18.1

2.75

1.76

3.12

SEM
Feeding strategy
Early

16

10.6

2.6

13.1

Delayed

16

14.3

5.4

19.7

2.75

1.76

3.12

SEM
EST × Feeding strategy
Control × Early

8

7.9

2.5

10.4

Control × Delayed

8

11.9

7.3

19.2

Lower × Early

8

13.3

2.6

15.9

Lower × Delayed

8

16.7

3.5

20.2

3.89

2.49

4.38

RESULTS

SEM

Mortality

EST

0.56

0.48

0.68

Total mortality PEI (dead + culled) was on average 17.5% (N
= 56), from which 15.3% occurred within 1 week 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 (1 = 6.6%; P
= 0.06).

Feeding strategy

0.11

0.39

0.06

EST × Feeding strategy

0.28

0.47

0.46

P-values

a Number
b Total

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 (1 = 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).

BW Changes
Regardless of the d 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 d 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 a higher ADG compared to females at
any d PEI (P < 0.01; data not shown).

Coccidiosis
Neither on the day of Eimeria inoculation nor on d 6 PEI or d
7 PEI did severity (TMLS) or incidence (%) of coccidiosis show
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, a lower EST resulted in a lower coccidiosis
severity (1 = 0.3 TMLS; P = 0.01) and tended to result in a lower
coccidiosis incidence (1 = 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).

Necrotic Enteritis Lesions

Dysbacteriosis

NE lesion severity was worse on d 6 PEI compared to d 7 PEI
(1 = 1.0 score; P < 0.01). Neither on d 6 PEI nor on d 7 PEI
did severity of NE lesions show 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)
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of pens.
mortality = died + culled.

Neither on the day of Eimeria inoculation nor on d 14 PEI did
severity or incidence (%) of dysbacteriosis show 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 day (P ≥ 0.63).

6

December 2021 | Volume 8 | Article 784869

Wijnen et al.

Incubation Temperature and Early Feeding

A

1800

Lower EST

1700
1600

Control EST

BW (g)

1500
1400
1300
1200
1100
1000
900
800
0

1

2

3

4

5

6

7

8

9

10

Day post Eimeria inoculation
B

*

1800

Early feeding

1700
1600

BW (g)

*

Delayed feeding

1500

*

*

1400

*

*

6

7

*

1300

*

1200
1100

*

*
*

1000
900
800
0

1

2

3

4

5

8

9

10

Day post Eimeria inoculation
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 51–54-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 (*) indicate significant difference (P < 0.05) between LSmeans of treatments within day post
Eimeria inoculation. Error bars indicate standard error.

Oocyst Shedding

strategy (Figure 3; P = 0.79) nor a main effect of feeding strategy
(P = 0.87), but a lower EST resulted in a higher E. maxima
OPG at d 8 PEI compared to control EST (1 = 32,638 ± 4,117
OPG; P < 0.01).

Neither 1 day before Eimeria inoculation nor at d 5 PEI was
E. maxima OPG found in any of the pens. E. maxima OPG at
d 8 PEI did not show an interaction between EST and feeding
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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 (*) indicate significant difference (P < 0.05) between LSmeans of
treatments within day post Eimeria inoculation and a hashtag (# ) indicates s tendency to differ (P < 0.10). Error bars indicate standard error.

Natural Antibodies

NAb titer compared to females (1 = 0.5 titer; P = 0.06), and at d
14 PEI, IgM NAb titer was higher in males compared to females
(1 = 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

IgM NAb titer on the day of inoculation, d 6 PEI, and d 14 PEI
showed neither 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
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TABLE 2 | Effect of eggshell temperature (EST) during late incubation [≥E17–E19.5; 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).
Na

NE incidencec (%)

NE severity (score 0–6)
Day post Eimeria inoculationb
6

7

EST
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

Feeding strategy

EST × Feeding strategy
Control × Early

8

3.6 ± 0.34

2.9 ± 0.20

84.2 ± 4.18

Control × Delayed

8

4.0 ± 0.33

3.0 ± 0.25

81.6 ± 4.45

Lower × Early

8

4.2 ± 0.28

2.9 ± 0.20

91.0 ± 3.24

Lower × 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 × Feeding strategy

0.50

0.31

0.31

Sex

0.26

0.09

0.83

P-values

a Number

of pens.
broilers per pen per day.
c Broilers with lesion scores of 2 or more were classified as NE positive.
b Five

TABLE 3 | Effect of eggshell temperature (EST) during late incubation [≥E17–E19.5; 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).
Nc

Coccidiosis severity (TMLSd 0–12)

Coccidiosis incidencee (%)

Day post Eimeria inoculationf

Day post Eimeria inoculationf

0

6

7

14

0

6

7

14

EST
Control

16

2.2 ± 0.18

3.8 ± 0.24

2.8 ± 0.20

0.9 ± 0.10a

85.3 ± 4.17

92.1 ± 3.09

92.1 ± 3.09

70.0 ± 5.1

Lower

16

1.9 ± 0.21

4.1 ± 0.23

3.2 ± 0.21

0.6 ± 0.07b

90.6 ± 5.15

96.1 ± 2.21

96.0 ± 2.29

54.3 ± 5.53

Feeding strategy
Early

16

2.2 ± 0.23

3.8 ± 0.22

3.0 ± 0.20

0.8 ± 0.10

86.0 ± 5.28

94.8 ± 2.53

94.8 ± 2.53

55.6 ± 5.52

Delayed

16

2.0 ± 0.17

4.0 ± 0.25

3.0 ± 0.21

0.9 ± 0.08

87.7 ± 4.13

93.4 ± 2.84

93.2 ± 2.96

68.8 ± 5.18

Control × Early

8

2.4 ± 0.26

3.7 ± 0.33

2.8 ± 0.30

1.0 ± 0.16

86.1 ± 5.76

94.7 ± 3.62

92.1 ± 4.37

67.5 ± 7.41

Control × Delayed

8

2.1 ± 0.24

3.8 ± 0.35

2.9 ± 0.26

1.0 ± 0.12

84.4 ± 6.02

89.5 ± 4.98

92.1 ± 4.37

72.5 ± 7.06

Lower × Early

8

1.6 ± 0.40

4.0 ± 0.30

3.2 ± 0.26

0.5 ± 0.10

85.7 ± 13.23

94.9 ± 3.53

97.4 ± 2.53

43.9 ± 7.75

Lower × Delayed

8

2.0 ± 0.24

4.1 ± 0.36

3.1 ± 0.32

0.8 ± 0.10

92.0 ± 5.43

97.4 ± 2.60

94.3 ± 3.92

65.0 ± 7.54

EST

0.23

0.68

0.34

0.01

0.79

0.46

0.35

0.09

Feeding strategy

0.87

0.79

0.99

0.38

0.58

0.92

0.59

0.20

EST × Feeding strategy

0.34

0.85

0.53

0.30

0.80

0.61

0.57

0.38

Sex

0.31

0.57

0.90

0.39

0.77

0.84

0.27

0.54

EST × Feeding strategy

P-values

a,b Means

within a column and factor lacking a common superscript differ (P < 0.05).
of pens.
d TMLS = Total mean lesion score. Sum of coccidiosis score for E. acervulina, E. maxima, and E. tenella.
e Broilers with a TMLS of 1 or more were classified as coccidiosis positive.
f In total, 100, 153, 150, and 161 broilers for d 0, 6, 7, and 14, respectively.
c Number
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TABLE 4 | Effect of eggshell temperature (EST) during late incubation [≥embryonic days 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).
Na

Dysbacteriosis severity (score 0–10)

Dysbacteriosis incidenceb (%)

Day post Eimeria inoculationc

Day post Eimeria inoculationc

0

14

0

14

EST
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

Feeding strategy
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

EST × Feeding strategy
Control × Early

8

2.7 ± 0.21

2.9 ± 0.22

27.8 ± 7.47

37.5 ± 7.65

Control × Delayed

8

3.2 ± 0.19

2.8 ± 0.21

40.6 ± 8.86

30.0 ± 7.25

Lower × Early

8

2.7 ± 0.39

2.8 ± 0.21

14.3 ± 13.23

34.1 ± 7.41

Lower × 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 × Feeding strategy

0.91

0.34

0.44

0.53

Sex

0.95

0.95

0.63

0.89

P-values

a Number

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

b Broilers

b

Control EST
Lower EST

a

Delayed feeding
Early feeding

Control ESTx Early feeding
Control EST x Delayed feeding
Lower EST x Early feeding
Lower EST x Delayed feeding
0

20,000

40,000

60,000

80,000

100,000

OPG
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 oocytes 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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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).
Nc

IgM

IgY
d

Day post Eimeria inoculationd

Day post Eimeria inoculation
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

SEM

0.2

0.2

0.2

0.2

0.1

0.3

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

SEM

0.3

0.2

0.2

0.2

0.1

0.3

Control × Early

8

1.6

2.3

4.4

1.0

1.0a,b

3.0

Control × Delayed

8

1.5

3.0

3.9

0.8

1.3a,b

3.1

Lower × Early

8

1.4

2.9

4.0

0.5

1.4a,b

3.1

Lower × Delayed

8

1.9

2.2

4.3

0.9

0.8a,b

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 × Feeding strategy

0.39

0.17

0.14

0.28

0.04

0.70

Sex

0.69

0.06

<0.01e

0.78

0.87

0.71

EST × Feeding strategy

SEM
P-values

a,b Least

squares means within a column and factor lacking a common superscript differ (P < 0.05).
of pens.
d In total 48, 51, and 57 broilers for d 0, 6, and 14, respectively.
e Titers 4.5 and 3.7 (±0.20) for males and females, respectively.
c Number

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).

a higher IgY NAb titer compared to delayed feeding if incubated
at a lower EST (1 = 0.6 titer), but not if incubated at the 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).

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 (2). 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.

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 (1 = 13.0%;
data not shown), while early- and delayed-fed males did not differ
in FPD incidence at this day. FPD incidence 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
to lower EST (1 = 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
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Necrotic Enteritis Model
Regardless of treatment, the disturbance model successfully
induced NE. After Eimeria inoculation, clinical symptoms of the
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
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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-week-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
(51, 52).

TABLE 6 | Effect of eggshell temperature (EST) during late incubation
[≥embryonic days 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).
Na

FPD (%)b
Day post Eimeria inoculationc
0

6

7

Interaction EST × Feeding Strategy

14

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 KLH. 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 a lower EST but not if they were
incubated at the 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 the 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
the NAb IgY titer at d 6 PEI is a minor indication that these two
factors may interfere on a broiler’s 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
(13, 16, 35) instead of improving it (15, 53), or perhaps, the only
effect was a slower development of the embryo (54).

EST
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

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 × Feeding strategy
Control × Early

8

2.8 ± 2.74 18.4 ± 6.29 18.4 ± 6.29 30.0 ± 7.25

Control × Delayed

8

29.0 ± 8.15 21.1 ± 6.61 34.2 ± 7.70 42.5 ± 7.75

Lower × Early

8

0.0 ± 0.00

Lower × Delayed

8

0.0 ± 0.00 13.2 ± 5.48 17.1 ± 6.37 30.0 ± 7.25

7.7 ± 4.27

5.1 ± 3.53 12.2 ± 5.11

P-values
EST

0.98

0.31

0.09

0.13

Feeding strategy

0.99

0.65

0.14

0.17

EST × 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 × Feeding strategy

n.a.

0.04

n.a.

n.a.

a Number

of pens.
with a score of 1 or 2 were classified as FPD positive.
c In total 99, 153, 150, and 161 broilers for d 0, 6, 7, and 14, respectively.
b Broilers

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 oocyst
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 (50). 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 at d 3 to 4 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 day back
to pre-inoculation levels. 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 (2). A different
disease model that induces a disease with a slower recovery speed
may give better insights in kinetics of reorganization after a
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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 BWs of early-fed broilers after
onset of NE, the difference in BW between early- and delayedfed 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 week 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 2–3 weeks post hatch.
For instance, authors in (30) also induced NE, but instead they
inoculated Eimeria at d 9 post hatch, and they showed that earlyfed 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
4th week of life. It could be that delayed-fed broilers showed
compensatory development, meaning that potential differences
between early- and delayed-feeding strategies 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 (21, 27, 28, 30, 58).
Moreover, the majority of differences in immune response that
were found between early- and delayed-fed broilers seems to
diminish after 3 weeks post hatch (24, 25, 59). Hollemans et al.
(59) 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 (1 = 13.0%; P = 0.04), whereas
this difference was not found in males. Prevalence of FPD is
predisposed by wet litter (60, 61), 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 a factor of on-farm hatching,
may reduce FPD as well as mortality rate during grow-out (62–
65). It should be noted though that effects of on-farm hatching
cannot be attributed only to early feeding but may be confounded
with other factors such as transportation of eggs instead of dayold 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, early feeding

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. In the first 4 days PEI, ADG was
similar between 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 ∼90 to 10
g/day) compared to the control EST group (∼90–40 g/day), with
a significant difference at d 5 and 8 and a tendency at d 6 PEI
(P = 0.06). Besides, the lower-EST group reached their lowest
ADG after Eimeria inoculation 1 day earlier and maintained at
this low level 1 day 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, the 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 (13, 55).
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 weeks PEI.
This could be interpreted as a faster recovery of lowerEST 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
(56, 57). For instance, in the current study, the NE lesion
score was significantly higher on d 6 PEI 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 (1 = 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 time points. 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
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may alter broiler activity levels, drinking behavior, or nutritional
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predisposing factor altered FPD incidence between early- and
delayed-fed broilers and thereby gather new insights on possible
later-life effects of early feeding.

Poulpharm,

Belgium,

approval

AUTHOR CONTRIBUTIONS
HW conducted the study, analyzed the data, and wrote
the main manuscript. All authors conceived and designed
the study, provided substantive input, and contributions to
manuscript revision.

CONCLUSION
It can be concluded that EST during late incubation did
not interact with feeding strategy on broiler resilience to NE
at 4 weeks of age in broilers of an old breeder flock. We
found indications 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 a 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.

FUNDING
This study was part of a Ph.D. project, at Wageningen University
& Research, on improving broiler resilience by adjusting neonatal
conditions which was funded by HatchTech B.V. The funder had
no further role in the design of the study and collection, analysis,
and interpretation of data and in writing the manuscript.

ACKNOWLEDGMENTS
The authors wish to thank Lagerwey Hatchery for providing
the eggs and HatchTech for funding the experiment. We would
also like to thank caretakers and other team members from
Poulpharm who assisted during the experiment, with special
attention to Isaura Christiaens and Annelike Dedeurwaerder. We
are also grateful for any assistance of WUR colleagues (Ger de
Vries Reilingh, Ilona van den Anker-Hensen, Monique Ooms,
Marcel Heetkamp, and Tamme Zandstra), HatchTech colleague
Thijme Hijink, and especially Wageningen University students
Bart de Bont and Charlotte Visser.

DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT
The animal study was reviewed and approved by Governmental
Commission on Animal Experiment, The Hague, The
Netherlands, approval number: 2018.W-0020.001 and

REFERENCES
1. World Health Organization. Antimicrobial Resistance: Global Report on
Surveillance 2014. Geneva:WHO Press.
2. Folke C, Carpenter SR, Walker B, Scheffer M, Chapin T, Rockström
J. Resilience thinking: integrating resilience, adaptability and
transformability. Ecol Soc. (2010) 15:420. doi: 10.5751/ES-03610-1
50420
3. Renz H, Brandtzaeg P, Hornef M. The impact of perinatal immune
development on mucosal homeostasis and chronic inflammation. Nat Rev
Immunol. (2012) 12:9–23. doi: 10.1038/nri3112
4. Luo L, Jansen CA, Bolhuis JE, Arts JA, Kemp B, Parmentier HK.
Early and later life environmental enrichment affect specific antibody
responses and blood leukocyte subpopulations in pigs. Physiol Behav. (2020)
217:112799. doi: 10.1016/j.physbeh.2020.112799
5. French NA. Modeling incubation temperature: the effects of incubator
design, embryonic development, and egg size. Poult Sci. (1997) 76:124–
33. doi: 10.1093/ps/76.1.124
6. Hulet R, Gladys G, Hill D, Meijerhof R, El-Shiekh T. Influence of egg
shell embryonic incubation temperature and broiler breeder flock age on
posthatch growth performance and carcass characteristics. Poult Sci. (2007)
86:408–12. doi: 10.1093/ps/86.2.408
7. Tzschentke B, Halle I. Influence of temperature stimulation during
the last 4 days of incubation on secondary sex ratio and later
performance in male and female broiler chicks. Br Poult Sci. (2009)
50:634–40. doi: 10.1080/00071660903186570
8. Molenaar R, Hulet R, Meijerhof R, Maatjens CM, Kemp B, van den Brand H.
High eggshell temperatures during incubation decrease growth performance

Frontiers in Veterinary Science | www.frontiersin.org

of

9.

10.

11.

12.

13.

14.

15.

14

and increase the incidence of ascites in broiler chickens. Poult Sci. (2011)
90:624–32. doi: 10.3382/ps.2010-00970
Sozcu A, Ipek A. Acute and chronic eggshell temperature manipulations
during hatching term influence hatchability, broiler performance, and ascites
incidence. Poult Sci. (2015) 94:319–27. doi: 10.3382/ps/peu080
Lin YM, Druyan S, Yahav S, Brake J. Thermal treatments prior to and during
the beginning of incubation affects development of the broiler embryo and
yolk sac membranes, and live performance and carcass characteristics. Poult
Sci. (2017) 96:1939–47. doi: 10.3382/ps/pew467
Oznurlu Y, Celik I, Telatar T, Sur E. Histochemical and histological evaluations
of the effects of high incubation temperature on embryonic development
of thymus and bursa of Fabricius in broiler chickens. Br Poult Sci. (2010)
51:43–51. doi: 10.1080/00071660903575558
De Barros Moreira Filho AL, de Oliveira CJB, de Oliveira HB, Campos
DB, Guerra RR, Costa FGP, et al. High incubation temperature and
threonine dietary level improve ileum response against post-hatch
salmonella enteritidis inoculation in broiler chicks. PLoS ONE. (2015)
10:1–14. doi: 10.1371/journal.pone.0131474
Wijnen HJ, van den Brand H, Lammers A, van Roovert-Reijrink IAM,
van der Pol CW, Kemp B, et al. Effects of eggshell temperature
pattern during incubation on primary immune organ development
and broiler immune response in later life. Poult Sci. (2020) 99:6619–
29. doi: 10.1016/j.psj.2020.09.088
Lourens A, van den Brand H, Meijerhof R, Kemp B. Effect of eggshell
temperature during incubation on embryo development, hatchability, and
posthatch development. Poult Sci. (2005) 84:914–20. doi: 10.1093/ps/84.6.914
Maatjens CM, van Roovert-Reijrink IAM, Engel B, van der Pol CW,
Kemp B, van den Brand H. Temperature during the last week of

December 2021 | Volume 8 | Article 784869

Wijnen et al.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

Incubation Temperature and Early Feeding

incubation. Effects on hatching pattern and broiler chicken embryonic
organ development. Poult Sci. (2016) 95:956–65. doi: 10.3382/ps/
pev447
Wijnen HJ, Molenaar R, van Roovert-Reijrink IAM, van der Pol CW, Kemp
B, van den Brand H. Effects of incubation temperature pattern on broiler
performance. Poult Sci. (2020) 99:3897–907. doi: 10.1016/j.psj.2020.05.010
Van de Ven LJF, van Wagenberg AV, Koerkamp PG, Kemp B, van
den Brand H. Effects of a combined hatching and brooding system on
hatchability, chick weight, and mortality in broilers. Poult Sci. (2009) 88:2273–
9. doi: 10.3382/ps.2009-00112
Willemsen H, Debonne M, Swennen Q, Everaert N, Careghi C, Han H, et al.
Delay in feed access and spread of hatch: importance of early nutrition. Worlds
Poult Sci J. (2010) 66:177–88. doi: 10.1017/S0043933910000243
Noy Y, Sklan D. Energy utilization in newly hatched chicks. Poult Sci. (1999)
78:1750–6. doi: 10.1093/ps/78.12.1750
Biloni A, Quintana CF, Menconi A, Kallapura G, Latorre J, Pixley C, et al.
Evaluation of effects of EarlyBird associated with FloraMax-B11 on Salmonella
Enteritidis, intestinal morphology, and performance of broiler chickens. Poult
Sci. (2013) 92:2337–46. doi: 10.3382/ps.2013-03279
Lamot DM, van de Linde IB, Molenaar R, van der Pol CW, Wijtten PJA, Kemp
B, et al. Effects of moment of hatch and feed access on chicken development.
Poult Sci. (2014) 93:2604–14. doi: 10.3382/ps.2014-04123
Wang JS, Hu HJ, Xu YB, Wang DC, Jiang L, Li KX, et al. Effects of
posthatch feed deprivation on residual yolk absorption, macronutrients
synthesis, and organ development in broiler chicks. Poult Sci. (2020) 99:5587–
97. doi: 10.1016/j.psj.2020.08.032
Van den Brand H, Molenaar R, van der Star I, Meijerhof R. Early feeding
affects resistance against cold exposure in young broiler chickens. Poult Sci.
(2010) 89:716–20. doi: 10.3382/ps.2009-00432
Shira EB, Sklan D, Friedman A. Impaired immune responses in broiler
hatchling hindgut following delayed access to feed. Vet Immunol
Immunopathol. (2005) 105:33–45. doi: 10.1016/j.vetimm.2004.12.011
Simon K, de Vries Reilingh G, Kemp B, Lammers A. Development of ileal
cytokine and immunoglobulin expression levels in response to early feeding in
broilers and layers. Poult Sci. (2014) 93:3017–27. doi: 10.3382/ps.2014-04225
Price KR, Freeman M, Van-Heerden K, Barta JR. Shedding of live Eimeria
vaccine progeny is delayed in chicks with delayed access to feed after
vaccination. Vet Parasitol. (2015) 208:242–5. doi: 10.1016/j.vetpar.2015.01.009
De Jong IC, van Riel J, Lourens A, Bracke MBM, van den Brand H. Effects
of food and water deprivation in newly hatched chickens: a systematic
literature review and meta-analysis. Wageningen Livestock Res. (2016)
2016:401560. doi: 10.18174/401560
Juul-Madsen HR, Su G, Sørensen P. Influence of early or late start of first
feeding on growth and immune phenotype of broilers. Br Poult Sci. (2004)
45:210–22. doi: 10.1080/00071660410001715812
Lamot DM, van der Klein SAS, van de Linde IB, Wijtten PJA, Kemp B, van
den Brand H, et al. Effects of feed access after hatch and inclusion of fish
oil and medium chain fatty acids in a pre-starter diet on broiler chicken
growth performance and humoral immunity. Animal. (2016) 10:1409–
16. doi: 10.1017/S1751731116000288
Ao Z, Kocher A, Choct M. Effects of dietary additives and early feeding
on performance, gut development and immune status of broiler chickens
challenged with Clostridium perfringens. Asian-Australas J Anim Sci. (2012)
25:541–51. doi: 10.5713/ajas.2011.11378
Simon K, de Vries Reilingh G, Bolhuis JE, Kemp B, Lammers A. Early
feeding and early life housing conditions influence the response towards
a noninfectious lung challenge in broilers. Poult Sci. (2015) 94:2041–
8. doi: 10.3382/ps/pev189
Wilson HR. Interrelationships of egg size, chick size, posthatching growth and
hatchability. Worlds Poult Sci J. (1991) 47:5–20. doi: 10.1079/WPS19910002
Heetkamp MWJ, Alferink SJJ, Zandstra T, Hendriks P, van den
Brand H, Gerrits WJJ. Design of climate respiration chambers,
adjustable to the metabolic mass of subjects. In: Gerrits W, Labussière
E, editors. Indirect Calorimetry: Techniques, Computations and
Applications. Wageningen: Wageningen Academic Publishers (2015). p.
35–56. doi: 10.3920/978-90-8686-261-0_2
Van Roovert-Reijrink IAM, van der Pol CW, Molenaar R, van den
Brand H. Effect of warming profile at the onset of incubation on early

Frontiers in Veterinary Science | www.frontiersin.org

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

15

embryonic mortality in long stored broiler eggs. Poult Sci. (2018) 97:4083–
92. doi: 10.3382/ps/pey261
Wijnen HJ, Molenaar R, van den Brand H, van Roovert-Reijrink IAM, Kemp
B, van der Pol CW. The effect of a low late incubation eggshell temperature
and delayed feed access at hatch on stress mechanism, temperature preference,
and broiler chicken development in early post-hatch period. Poult Sci.
(submitted).
Centraal Veevoeder Bureau. CVB Table Booklet Feeding of Poultry 2016. Series
No 61. Rijswijk: Federation Dutch Animal Feed (FND) (2016).
Van Waeyenberghe L, de Gussem M, Verbeke J, Dewaele I, de Gussem J.
Timing of predisposing factors is important in necrotic enteritis models. Avian
Pathol. (2016) 45:370–5. doi: 10.1080/03079457.2016.1156647
Gholamiandekhordi AR, Ducatelle R, Heyndrickx M, Haesebrouck F, van
Immerseel F. Molecular and phenotypical characterization of Clostridium
perfringens isolates from poultry flocks with different disease status. Vet
Microbiol. (2006) 113:143–52. doi: 10.1016/j.vetmic.2005.10.023
Timbermont L, Lanckriet A, Gholamiandehkordi AR, Pasmans F, Martel A,
Haesebrouck F, et al. Origin of Clostridium perfringens isolates determines the
ability to induce necrotic enteritis in broilers. Comp Immunol Microbiol Infect
Dis. (2009) 32:503–12. doi: 10.1016/j.cimid.2008.07.001
Marchewka J, Watanabe TTN, Ferrante V, Estevez I. Welfare assessment
in broiler farms: transect walks versus individual scoring. Poult Sci. (2013)
92:2588–99. doi: 10.3382/ps.2013-03229
Keyburn AL, Sheedy SA, Ford ME, Williamson MM, Awad MM, Rood JI,
et al. Alpha-toxin of Clostridium perfringens is not an essential virulence
factor in necrotic enteritis in chickens. Infect Immun. (2006) 74:6496–
500. doi: 10.1128/IAI.00806-06
Johnson J, Reid WM. Anticoccidial drugs: lesion scoring techniques in
battery and floor-pen experiments with chickens. Exp Parasitol. (1970) 28:30–
6. doi: 10.1016/0014-4894(70)90063-9
De Gussem M. Coccidiosis in poultry: review on diagnosis, control,
prevention and interaction with overall gut health. In: Proceedings of the 16th
European Symposium on Poultry Nutrition. Strasbourg (2007). p. 253–61.
Teirlynck E, de Gussem M, Dewulf J, Haesebrouck F, Ducatelle R, van
Immerseel F. Morphometric evaluation of “dysbacteriosis” in broilers. Avian
Pathol. (2011) 40:139–44. doi: 10.1080/03079457.2010.543414
Gordon HM, Whitlock HV. A new technique for counting nematode eggs in
sheep faeces. J Counc Sci Ind Res. (1939) 12:50–2.
Reid WM, Long PL. Diagnosis of Fowl Coccidia: With a Chart to Aid in
Identification of Species of Eimeria. Athens: University of Georgia. (1979).
p. 335.
Lammers A, Klomp ME, Nieuwland MG, Savelkoul HF, Parmentier HK.
Adoptive transfer of natural antibodies to non-immunized chickens affects
subsequent antigen-specific humoral and cellular immune responses. Dev
Comp Immunol. (2004) 28:51–60. doi: 10.1016/S0145-305X(03)00102-2
Van der Klein SAS, Berghof TVL, Arts JAJ, Parmentier HK, van der
Poel JJ, Bovenhuis H. Genetic relations between natural antibodies
binding keyhole limpet hemocyanin and production traits in a
purebred layer chicken line. Poult Sci. (2015) 94:875–82. doi: 10.3382
/ps/pev052
Ekstrand C, Carpenter TE, Andersson I, Algers B. Prevalence and control
of foot-pad dermatitis in broilers in Sweden. Br Poult Sci. (1998) 39:318–
24. doi: 10.1080/00071669888845
Jeurissen SHM, Janse EM, Vermeulen AN, Vervelde L. Eimeria
tenella infections in chickens: aspects of host-parasite: interaction. Vet
Immunol Immunopathol. (1996) 54:231–8. doi: 10.1016/S0165-2427(96)
05689-9
Dahiya JP, Wilkie DC, van Kessel AG, Drew MD. Potential strategies for
controlling necrotic enteritis in broiler chickens in post-antibiotic era. Anim
Feed Sci Technol. (2006) 129:60–88. doi: 10.1016/j.anifeedsci.2005.12.003
Jones PJ, Niemi J, Christensen JP, Tranter RB, Bennett RM. A review of the
financial impact of production diseases in poultry production systems. Anim
Prod Sci. (2019) 59:1585–97. doi: 10.1071/AN18281
Wineland MJ, Chistensen VL, Fairchild BD, Yildirim I. Effect of temperature
and oxygen upon embryos during the plateau stage. Avian Poult Biol Rev.
(2001) 12:169–202. doi: 10.1079/WPS20000027
Willemsen H, Kamers B, Dahlke F, Han H, Song Z, Pirsaraei ZA, et al.
High-and low-temperature manipulation during late incubation: effects on

December 2021 | Volume 8 | Article 784869

Wijnen et al.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Incubation Temperature and Early Feeding

health, and performance of broiler chickens. Poult Sci. (2020) 99:4662–
71. doi: 10.1016/j.psj.2020.06.052
64. Giersberg MF, Molenaar R, de Jong IC, da Silva CS, van den Brand H, Kemp
B, et al. Effects of hatching system on the welfare of broiler chickens in early
and later life. Poult Sci. (2021) 100:100946. doi: 10.1016/j.psj.2020.12.043
65. Jessen CT, Foldager L, Riber AB. Effects of hatching on-farm on
performance and welfare of organic broilers. Poult Sci. (2021)
100:101292. doi: 10.1016/j.psj.2021.101292
66. Shepherd EM, Fairchild BD. Footpad dermatitis in poultry. Poult Sci. (2010)
89:2043–51. doi: 10.3382/ps.2010-00770

embryonic development, the hatching process, and metabolism in broilers.
Poult Sci. (2010) 89:2678–90. doi: 10.3382/ps.2010-00853
Jabbar A, Asim SI, Yousaf A, Shafique F, Hameed A, Raza F, et al. Effects of
low temperature during late incubation on incubation duration, hatching and
post hatch performance. EC Vet Sci. (2020) 5:01–21.
Gholamiandehkordi AR, Timbermont L, Lanckriet A, Broeck WVD,
Pedersen K, Dewulf J, et al. van Immerseel. Quantification of gut lesions
in a subclinical necrotic enteritis model. Avian Pathol. (2007) 36:375–
82. doi: 10.1080/03079450701589118
Timbermont L, Lanckriet A, Dewulf J, Nollet N, Schwarzer K, Haesebrouck F,
et al. Control of Clostridium perfringens-induced necrotic enteritis in broilers
by target-released butyric acid, fatty acids and essential oils. Avian Pathol.
(2010) 39:117–21. doi: 10.1080/03079451003610586
Hollemans MS, de Vries S, Lammers A, Clouard C. Effects of early nutrition
and transport of 1-day-old chickens on production performance and fear
response. Poult Sci. (2018) 97:2534–42. doi: 10.3382/ps/pey106
Hollemans MS, de Vries Reilingh G, de Vries S, Parmentier HK,
Lammers A. Effects of early nutrition and sanitary conditions on oral
tolerance and antibody responses in broiler chickens. Vet Sci. (2020)
7:14. doi: 10.3390/vetsci7040148
Martland MF. Ulcerative dermatitis dm broiler chickens: the effects
of wet litter. Avian Pathol. (1985) 14:353–64. doi: 10.1080/0307945850
8436237
Mayne RK. A review of the aetiology and possible causative factors of foot
pad dermatitis in growing turkeys and broilers. Worlds Poult Sci J. (2005)
61:256–67. doi: 10.1079/WPS200458
De Jong IC, Gunnink H, van Hattum T, van Riel JW, Raaijmakers MMP, Zoet
ES, et al. Comparison of performance, health and welfare aspects between
commercially housed hatchery-hatched and on-farm hatched broiler flocks.
Animal. (2019) 13:1269–77. doi: 10.1017/S1751731118002872
De Jong IC, van Hattum T, van Riel JW, de Baere K, Kempen I,
Cardinaels S, et al. Effects of on-farm and traditional hatching on welfare,

Frontiers in Veterinary Science | www.frontiersin.org

Conflict of Interest: HW, CP, and IR-R were employees of HatchTech at the time
of the study. JS was employed by company Poulpharm BVBA.
The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.
Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.
Copyright © 2021 Wijnen, van der Pol, van Roovert-Reijrink, De Smet, Lammers,
Kemp, van den Brand and Molenaar. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

16

December 2021 | Volume 8 | Article 784869

