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Voorwoord

De weergave van de resultaten van een wetenschappelijk onderzock zoals dit voor u ligt laat
weinig tot geen ruimte voor het verwoorden van de inspanning en de problemen waarmee een
dergelijk onderzoek gepaard gaat, evenmin als het de mogelijkheid biedt om de voldoening en de
plezierige kanten van het onderzoek te illustreren. Zo is alleen voor de direct betrokkenen de
ingpanning te schatten die het kost om duizenden eieren te openen voor het beoordelen van de
werkelijke bevruchting. Ook met de radio aan en een koffiepauze op zijn tijd is het een kwestic van
vele uren emmers met struif vullen. Ook het plezier van samenwerking met collega’s bij het ’s
nachts verzamelen van de eieren direct onder de kip vandaan of het bepalen van de afkoeling van
eicren in de nesten laat zich in een dergelijk verslag niet vatten, evenmin als de voldoening die het
geeft als het uvitwisselen van gegevens en gedachten met andere onderzockers Jeidt tot een
doorbraak voor beide kanten in de gedachtenvorming,

Veel mensen hebben in de afgelopen jaren geholpen, soms onbewust, om het voorliggende
resultaat tot stand te brengen. Een voorwoord biedt de gelegenheid om al deze mensen hiervoor te
bedanken. Dit is vooral prettig, omdat het voorwoord waarschijnlijk het meest gelezen hoofdstuk
van het proefschrift is, waardoor een woord van dank cok de aandacht krijet die het verdient. Een
aantal mensen wil ik hierbij speciaal noemen.

Allereerst wil ik de mensen bedanken die voor de begeleiding hebben gezorgd. Gedurende het
projekt is een team van mensen met een Zekere regelmaat in touw geweest, hetgeen veel lees-
denk- en praatwerk heeft gekost en opgeleverd. Mijn promotoren prof. dr. JPTM. Noordhmizen en
prof dr. W. de Wit wil ik beiden bedanken voor hun inbreng. Jos, vooral je bijzonder opbouwende
kritick, altijd duidelijk en doelgericht, waardeer ik ten zeerste, evenals je bereidheid om mee te
werken aan een promotieonderzoek van iemand die op dat moment een onzekere factor moet zijn
geweest, Wim, je stimulering en steun in de periode voor en tijdens het opstarten van dit projekt
waardeer ik zeer. Ondanks het feit dat tijd voor jouw op zeker moment een wel erg schaars artikel
werd heb ik altijd op je volledige steun en aandacht kunnen rekenen, waarvoor mijn dank. Veel
dank ben ik ook verschuldigd aan Ferry Leenstra, die veel en kritisch meegedacht heeft. Ferry,
ondanks dat we het lang niet altijd met elkaar eens zijn, of misschien wel daardoor, heefi je hulp
voor mij veel waarde gehad. Rob Gerrits heeft, als onderzoeker broederij op het Spelderholt, mij de
ruimte gegeven om op zijn specificke vakgebied te werken. Rob, zoals je zelf wel eens hebt




verwoord zitten wij meestal in een verschillende versnelling, Ik ben dan ook blij dat we ondanks
onze verschillen in persoonlijkheid altijd goed met elkaar overweg hebben gekund.

Een bijzonder woord van dank ben ik verschuldigd aan het laatste lid van het projektteam,
Gerard van Beck. Gerard, je rol binnen dit projekt zou in eerste instantie een geheel andere zijn.
Helaas werden onze plannen doorkruist, waardoor de waardering die je voor je aandeel in het
projekt verdient onderbelicht is gebleven. Desondanks heeft jouw kennis, inspanning en
enthousiasme een duidelijke stempel op het uiteindelijke resultaat gedrukt. Het was en is een groot
genoegen en een aparte ervaring om met je samen te werken en je unieke theoretische kennis te
benutten voor het oplossen van praktische vraagstukken.

Het op papier krijgen van een logisch verhaal vergt over het algemeen meer zitvlees dan ik
bezit. Als gevolg hiervan hebben mijn directe collega’s binnen het Praktijkonderzoek heel wat, op
het eerste gezicht doelloos, peinzend geslenter door A14 moeten verdragen. Ook waren ze vaak de
eersten op wie weer een nieuwe theorie werd losgelaten of op wie een nieuwe frustratic werd
afgereageerd. Dik Dijk, Frans Beeking en Petra Kleinpenning hebben veel hand- en spandiensten
verleend bij de uitvoering van de proeven en het verwerken van de resultaten. Gedurende het
projekt hebben een aantal studenten aan verschillende onderdelen meegewerkt. Van hun
inspanningen is uiteindelijk maar weinig terug te vinden in het voorliggende boekje. Toch vormde
hun werk een wezenlijk onderdeel, vooral omdat het vaak voorbereiding en uitwerking van
methodieken betrof, waardoor het duidelijk werd wat kans van slagen had en wat niet. Al deze
mensen wil ik graag bedanken voor hun medewerking en inspanning.

Mieke Verbij heeft het vervelende en tijdrovende werk op zich genomen om van een
verzameling teksten en figuren een samenhangend, praktisch drukklaar geheel te maken. John Lith
heeft zijn creativiteit beschikbaar gesteld om de omslag te ontwerpen. Hiervoor wil ik jullie beiden
graag bedanken.

Tot slot wil ik Ineke bedanken. Ik weet dat mijn enthousiasme voor mijn werk vaak nogal sterk
doorklinkt in onze vrije tijd. Hoewel ik de stelregel om geen werk mee naar huis te nemen aardig
heb kunnen handhaven, heeft het wel als resultaat gehad dat de werktijden vaak wat uitliepen. Ook
zullen de soms eindeloze monologen over eieren en kippen niet altjd een voorbeeld van
onderhoudende conversatie zijn. Ik weet dat je om mijn enthousiasme vaak wel kan lachen, maar
toch wil ik je bedanken voor je geduld en steun.
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2 General introduction

In the Netherlands, approximately 800 million hatching eggs are produced per year for the
production of broiler chicks (Jaarverslag PPE, 1993). A certain percentage of these eggs is unfertile,
dependent on e.g. method of housing and feeding, rearing, sirain, age, ratio males/females. During
incubation, an embryo is formed out of the egg content. In modem artificial incubators, this
complex biological process is performed with a high rate of success. Although the success of this
performance has increased over the years (Tullett, 1990), at this moment approximately 10% of the
fertile eggs do not hatch. This is caused by death of the embryo somewhere in the period between
fertilization and hatching. Also some embryos are not able to complete the pipping process at the
end of the incubation period, resulting in a reduced hatching record. Some of the causes of this
recuced hatchability of fertile eggs are situated in the period before the actual incubation process has
started.

In commercial breeding operations, hatching eggs are produced in nest boxes, collected, stored
for several days, transported to the hatchery and set, after which the incubation process is started.
The treatment of hatching eggs in the period between oviposition and setting varies in commercial
operations. These variations are mainly characterised by differences in temperature, storage time
and moisture loss. It is recognised (Mayes and Takeballi, 1984) that the storage time and the
temperature and moisture loss during storage are important for maintaining hatchability of fertile
eggs. For several influencing factors, the mechanism responsible for the decrease in hatchability is
not known. In commercial operations, it is not always possible to set the pre-incubation treatments
according to the reported optimal conditions. To evaluate conditions that occur in commercial
operations, the influence of non-optimal pre-incubation treatments on hatching results must be
estimated. More knowledge about the mechanisms responsible for the influence of pre-incubation
treatments on hatchability is necessary to evaluate these conditions and estimate their influence.

The aim of this study was (1} to formulate analytical equations to calculate the temperature
development. and motstare Joss of hatching egps, (2) to determine the actual conditions in the
pre-incubation peried that occur in field simations and (3) to determine the influence of these
conditions on hatchability. The conditions studied were set at levels that represent field conditions.
To be able to evaluate the influence of management decisions in the period before incubation on
hatching results, some hypothesis about the involved mechanisms are formulated.

In chapter 1, the pre-incubation conditions and their influence on hatchability are reviewed. In
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chapter 2, mathematical methods based on analytical equations are presented which can be used to
calculate the temperature development and moisture loss of eggs. With these thermo-dynamic
equations the temperature development and moisture loss of eggs can be predicted and results of
experiments can be evaluated.

In chapter 3, the temperature development and moisture loss of eggs produced in different types
of laying nests is determined and the results are compared with analytical equations. In chapter 4,
temperature development and moisture loss of eggs stored in different types of egg containers and
in various storage situations are determined and results are compared with analytical equations.

In chapter 5, the influence of temperature in the nest period, storage time and temperature
during storage and temperature during the period just prior to setting on hatchability is determined.
This is done with eggs produced by birds of two different ages. The level of the conditions used in
this experiment are partly based on the results of chapter 3 and 4 and partly on the situations that
occur in the field.

It is assumed that moisture loss during storage must be prevented to maintain maximum
hatchability, because an optimum amount of moisture loss at the end of the incubation period is
necessary to obtain maximum hatchability. However, it can be questioned if moisture loss during
storage is detrimental if comection for this moisture loss during incubation is provided and therefore
the reported optimum total moisture loss at the end of the incubation period is obtained. In chapter
6, the influence of moisture loss during storage in combination with moisture loss during incubation
on hatchability is determined.

In the general discussion (final chapter) the practical implications of the results obtained in the
experiments are discussed and hypothesis for underlying mechanisms are given.

REFERENCES
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ABSTRACT

The time between a hatching egg being produced and set in an incubator can be divided into a
laying house period and a storage period. The period in the laying house affecis hatching results by
the stage of embryonic development at ovipostion as well as as by the subsequent environmental
conditions. Advanced embryonic development at ovipostion or prior to storage seems (o0 improve
hatchability, especiatly when storage is prolonged. Stage of embryonic development at ovipostion is
influenced by parental age, strain, individual bird variation and clutch length. After oviposition and
before storage embryonic development can be influenced by the type of nest, egg collection pattern
and temperature,

Darring storage, hatchability is influenced by the length of the storage perid, temperature,
humidity, gaseous environment and the orientation of the eggs. A decrease in batchability can be
detected in eggs stored for two to three days or more. Storage temperature should be decreased with
extended length of storage. Temporary heating before incubation and enclosing eggs in plastic bags
during storage improves hatchability, especially when storage is prolonged. A high humidity during
storage improves hatchability as well, probably due to a reduction in water loss.

The changes in albumen pH during storage are discussed in so far as they provide a possible
explanation for relationships between environmental conditions during storage and hatching resuits.

INTRODUCTION

Ideally every fertile egg would produce a healthy hatchling. In a commercial hatchery, however,
this optimal situation is never achieved. This is due to a number of factors including lethal
chromosomal abnormalities which cannot be influenced once the hatching egg is produced,
insufficient availability of nutrients in the egg and the fact that eggs may be exposed to conditions
not matching the demands of the developing embryo.

The process from egg formation to hatching is very complex and many factors may influence
hatching results. Some of these can be influenced by management. To achieve optimum results it is
necessary to determine the influence of management decisions on hatchability at different stages of
the process. Knowledge of the demands of the embryo and properties of the hatching egg is

therefore essential.
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The reproduction process can be divided into a pre-incubation period and an incubation period.
The pre-incubation period can be divided into a laying house period and a storage period. In this
paper, the influence of climatic conditions during the pre-incubation period on hatchability and
possible relationships with management decisions will be discussed, with a distinction between the
period in the laying house and the storage period. The aim of this article is to give an overview of
the relevant research and to indicate possible avenues of further research.

LAYING HOUSE PERIOD

The laying house period is defined as the interval between ovulation and egg collection. In this
period ovulation, fertilization, egg formation, oviposition and egg collection occur. The length of
this period will vary between approximately 24 and 32 hours, depending mainly on time between
oviposition and collection of the individual eggs.

Breeder flocks are commonly housed on litter floors. When housed in this way, nest boxes are
provided, which may be either litter or roll-away type. Timing and frequency of egg collection
depends on the availability of labour, type of nest and number of birds per nest. In the Netherlands
the first egg collection is usually done when 60-709% of the day’s eggs have been produced,
approximately 6-7 hours after the start of the photoperiod.

Embryo development

As ferfilization occurs within 15 to 20 minutes of ovulation (Howarth, 1970; Bakst and
Howarth, 1977), the embryo has a chronological age of 24 to 26 hours at oviposition. The first
cleavage division in the germinal disc is observed some 4 h after ovulation (Perry, 1987). The stage
of embryonic development at oviposition influences hatching results. Hays and Nicolaides (1934)
had already observed differences in stages of embryonic development at oviposition and reported
that pre-gastrula and carly gastrula stages were common in eggs from birds with poor hatching
results, while eggs from birds with good hatching results contained embryos at an advanced gastrnla
stage.

Mather and Langhlin {(1979) reported that the blastoderm area in fresh unincubated eggs
increased with parental age. When incubated, embryonic development of embryos in eggs laid by
older birds was advanced. This is in agreement with results of Crittenden and Bohren {1962) and
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Smith and Bohren (1975) who reported that eggs from older birds hatch earlier than those from
younger birds.

Several researchers have reported an advanced embryonic development in populations selected
for low body weight, in both domestic fowl (McNary et al., 1960; Coleman et al., 1964) and turkey
(Weisbroth, 1960; Kosin and Mun, 1965; Arora and Kosin, 1964, Arora and Kosin, 1966b).
Turkeys selected for high mature body weight produced eggs which more frequently contained
embryos at an early gastrula stage than when selected for low body weight (Arora and Kosin, 1964;
Kosin and Arora, 1966). The blastoderm in eggs from turkeys selected for low body weight,
however, was smaller (Arora and Kosin, 1966b). When incubated, groups with an advanced
developmental stage at oviposition showed a higher rate of development in the first few days. In a
similar stdy, Coleman and Siegel (1966) reported that hens selected for low body weight at 8
weeks of age produced eggs with greater embryonic development at oviposition and an increased
hatchability when compared with eggs from hens selected for high body weight. Heating eggs from
high body weight selected hens for four hours at 37.5°C to obtain a comparable stage of embryo
development to the eggs from low body weight selected hens increased hatchability of these eggs
to a comparable level. In another study with the same selection lines, Coleman et al. (1964)
reported a higher rate of embryonic development in the first days of incubation for the low body
weight selected hens. It was suggested that advanced embryonic development at oviposition is
beneficial in helping the embryo to withstand storage (Coleman and Siegel, 1966; Arora and Kosin,
1966a). This was confirmed by Kosin (1956) and Becker and Bearse (1958) who reported that
heating of turkey and chicken eggs prior to storage resulted in an increased hatchability,

Several explanations for the reported differences in embryonic developmental stage might be
valid. Changes in inherent rate of growth or development may already appear at an early embryonic
stage. This provides a suitable explanation for differences between selected lines, but it does not
explain the parental age effect.

McNally and Byerly (1936) suggested that egg weight might be positively correlated with early
development of embryos, which may explain the differences between birds of different ages.
Coleman et al. (1964) reported a positive correlation within lines of egg weight and embryo
development after 42 hours of incubation. However, Arora and Matsumoto (1968) and Mather and
Laughlin (1979) reported no significant relationship between egg weight and developmental stage
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after 2 days of incubation. Egg weight as an explanation of differences between body weights of
selected lines is not likely to be valid, because birds from low body weight selected stocks are
reported to produce eggs with embryos in advanced stages and probably produce smaller eggs.

The time spent in the oviduct, determind by length of the oviduct and/or the passage rate of the
egg, will influence developmental stage. Bernier et al. (1951) reported that first and last eggs of
clutch sequences contained more advanced embryos at oviposition and after a short period of
incubation, than intermediate eggs. Sturkie (1986) reported that eggs in the terminal position in the
sequence remain in the oviduct for a longer period, which might cause differences in embryonic
development at oviposition. Low production rate, arising from bird age, bird condition or selection
is characterized by shorter clutches resulting in relatively more terminal and fewer intermediate
eggs. On average, embryonic development at ovipostion would be expected to be more advanced.
Coleman et al. (1964) however, reported that correlation between embryonic development after 48
hours of incubation and position in the clutch sequence is low.

Body temperature of the bird will influence the rate of development and therefore change the
developmental stage at ovipositon, even if time spent in the oviduct is not influenced. The author is
not aware of experiments involving developmental responses in relation to body temperature.

Possible influences of management decisions

In the housing period, management decisions may influence the hatching results. The
temperature history of the egg depends on type of nest, time of oviposition, ime and frequency of
egg collection and environmental conditions in the house. Fasenko et al. (1991) reported an
advanced embryonic development at the moment of egg collection when eggs remained in litter
nests for 6 to 7 h compared with egg collection within 1 h after ovipositon. Kirk et al. (1980)
reported a slightly reduced hatchability when eggs were collected hourly as compared to collection
of eggs 5 h after lay and set within 5 days. This might be explained by differences in egg cooling
rate and, therefore, embryo developmment, which is reported to influence hatchability (Coleman and
Siegel, 1966). When eges were stored for 8 days, no differences could be observed (Kirk et al,
1980; Skoglund and Brown, 1956). This was not confirmed by Kosin (1956) and Becker and
Bearse (1958) who suggested that an advanced developmental stage of the embryo is beneficial
when eggs are stored.
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The type of nest that is used for egg collection will influence the cooling rate of the egg. Eggs
laid in a litter nest are more protected against heat loss than those laid in roll-away nests and, in
addition, tend to be kept warmm by hens sitting on them. This seems likely to result in a more
advanced stage of development being reached by embryos in eggs laid in litter nests compared with
roll-away nests. Considering the variation in time of ovipostion, it can also be assumed that there
will be more variation in embryonic development of eggs laid in litter nests compared with eggs

laid in roll-away nests.

Factors during the production period reported to influence hatching results, the possible sources of reported
differences and related management factors

factor possible possible related
influencing source of mechanism managemen
resuits differences factor
development at embryonic growth genetic difference breeding program
oviposition rate body temperature
time in oviduct passage rale breeder age
oviduct length production level
clutch length
pre-storage embryonic growth cooling rate nest type
development collection rate
EGG STORAGE

Nommally eggs are stored at the farm, transported to the hatchery, stored at the hatchery and
then set. Orientation of the egg during storage is normally pointed-end-down, although it is
suggested that storage pointed-end-up may be beneficial. A review of the research on this subject is
given by Mayes and Takeballi (1984). Duration of the storage period may vary from one day to
over a week, depending on distance between farm and hatchery, capacity of the hatchery and
market situation. After collection eggs are placed on pulp or plastic trays in containers with open
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sides. Eggs used for export are often stored in cardboard boxes. At most farms a separate storage
room is used in which temperature and humidity can be more or less controlled.

The embryo during storage

Pre-incubation storage leads to morphological changes in the blastoderm and malformations in
the embryo (Weisbroth and Kosin, 1966, Arora and Kosin, 1966a; Mather and Laughlin, 1979)
with increased cell necrosis (Arora and Kosin, 1966b) and to a lower growth rate of the embryo
(Singal and Kosin, 1969). Mather and Laughlin (1979) reported shrinkage of the blastoderm during
storage and a delay in initiation of development of the embryo after storage.

Hatchability decreases when eggs are stored, dependent on length of the storage period and
environmental conditions during storage. The decrease in viability of the embryo may be caused by
changes in the embryo and/or by changes in the other contents of the egg.

Length of the storage period

Numerous studies have shown that fertile eggs can be stored for several days without a major
loss in hatchability, when appropriate conditions are maintained. An extensive review of the early
research on this subject is given by Kosin (1964), Landaver (1967) and Mayes and Takeballi
(1984).

When storage (ime is extended, hatchability may be reduced by 0.5% per day (Hodgetts, 1981
- cited by Mayes and Takeballi, 1984). It is often suggested that hatchability starts to decline after
7 days of storage (Waite, 1919; Scott, 1933; Funk, 1934; Funk et al., 1950}. Tandron et al. (1983),
however, reported a decrease in hatchability starting 2-3 days after lay. Hatchability of eggs from
older birds decreased more with increasing storage time (Kirk et al., 1980). Furthermore, eggs laid
by birds having a low rate of hatch were affected more by increased storage time than eggs form
birds in the same flock with a higher rate of hatch (Bohren et al., 1961). This might be explained
by differences in embryonic development at oviposition (Hays and Nicolaides, 1934) which might
influence the capability of the embryo to withstand storage (Coleman and Siegel, 1966; Arora and
Kosin, 1966a).

Storage causes a delay in the initiation of development (Kaufman, 1939; Arora, 1965; Becker
et al., 1968, MacLawry and Insko, 1968; Mather and Laughlin, 1976). Mather and Laughlin {1979)
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also reported a decrease in rate of development after storage. These effects explain the increase in
hatching time after storage as reported by Bohren et al. (1961). Mather and Laughlin (1976),
Becker et al. (1968) and Kirk et al. (1980) indicated that every day of storage added about one hour
to the average hatching time.

Length of storage has an influence on embryo quality and chick quality. Mather and Langhlin
(1977, 1979) reported an increase in malformed embryos with egg storage time. Byng and Nash
(1962) reported that quality of hatching chicks (characterised by percentage of culls) decreased with
increased storage time. Becker (1960) and Merritt {1964) reported a redoced growth rate for
chickens from stored hatching eggs.

Temperature during storage

Fertile eggs should be stored at a temperature below "physiological zero” to maintain dormancy
of the embryo (Proudfoot and Hulan, 1983). These researchers suggested that for chicken embryos
this temperature is 20-21°C, which is in agreement with the earlier results of Edwards (1902). A
higher physiological zero for chicken embryos is suggested by Funk and Biellier (1944) and by
Lundy (1969) who reported temperatures of approximately 27°C and 25-27°C, respectively.
Aithough dormancy of the embryo is maintained below the physiological zero, morphology of the
embryo is not static. Arora and Kosin (1966b) reported a series of recognizable regressive changes
in the structure of the blastoderm when eggs were stored at 13°C. Funk and Biellier (1944) reported
shrinkage of the blastoderm when eggs were stored at 10°C.

Many authors, as reviewed by Mayes and Takeballi (1984) and Wilson (1991) reported that
optimum storage temperature should be decreased with increasing storage time. In general,
suggested temperatures are 20-25°C when storing eggs of the domestic fowl for less than 4 days,
16-17°C when storing for 4 to 7 days, and 10-12°C for storage of more than 7 days.

Heating the eggs before incubation affects hatchability. Tt is concluded that pre-incubation
heating of eggs is generally beneficial when the storage period is in excess of 7 days (Mayes and
Takeballli, 1984). Heating can be done prior to storage, during storage or prior to setting. Becker
and Bearse (1958) showed an improvement in haichability when eggs were warmed for 1 to 5 h at
37°C following oviposition. Kosin (1956) reported similar results. Lancaster and Jones (1986)
reporied a decrease in hatchability when heating was done for more than 5 h prior o storage.
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Temporary heating of the stored eggs to incubation temperature for 1 h (Kosin, 1956) or for 2-4 h
{Nikolaeva, 1958) on a daily basis reduces the decline in hatchability, especially when the storage
period is extended. Beneficial effects of heating eggs prior to storage or during storage may be
explained by the assuription that an advanced stage of development of the blastoderm is beneficial
in helping the embryo to withstand storage (Kosin, 1956).

Heating stored eggs just prior to setting is reported to improve hatchability. Becker and Bearse
(1958) and Proudfoot (1966) reported a positive influence on hatchability when eggs were warmed
for 18 hours at 23°C or for 1-5 hours at 37.8°C before setting. These authors reported that eggs
stored for longer periods benefitted most from the treatment. This is not confirned in the
experiments of Funk and Forward (1960) and McConachie et al. (1960) who reparted no beneficial
effects after storage for more than 5 days.

Humidity during storage

During storage, water is lost through evaporation, being influenced by relative humidity (R.-H.),
temperature and shell porosity. Air movement has a minor effect on moisture loss (Kaltofen, 1969;
Spotila et al., 1981).

Many investigators reported a better hatchability when R.H. during storage was maintained at
a high level (90% vs. 60-80%) (Cooney, 1943; Funk and Forward, 1951; Proudfoot, 1976). Becker
et al. (1968), reported an average weight loss of 0.04 g per 24 h when eggs were stored in the
temperature range 11.7 - 13.9°C and RH. 75%.

Kosin and Konishi (1973) concluded that beneficial effects of enclosing eggs in plastic during
extended storage were largely due to a reduction in water vapour loss. Kaufman (1939) concluded
from experiments with extended moisture loss by artificial reduction of air pressure that dehydration
of eggs is not the main cause for the increase of embryo mortality after prolonged storage. Mayes
and Takeballi (1984) concluded that atiempts should be made to prevent any weight loss during
storage because it increases the total moisture loss between laying and end of incubation and,
therefore, affects hatchability. In practise storage at high R.H. is not recommended because
condensation on the eggs might occur, thus stimulating bacteria and mould to grow (Sharp and
Stewart, 1936).

Hulet et al. (1987) showed that a relative small reduction in total moisture loss (approximately
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9.9% compared with 11.0%) significantly reduced hatchability of turkey eggs. Although moisture
loss dwring storage is small compared with total moisture loss during incubation, it might be
assumed that moisture loss during incubation should be corrected for the amount of loss during
storage 10 obtain maximal hatchability. The author is not aware of any research on this subject.

Carbon dioxide concentration during storage

After oviposition carbon dioxide is released from the egg, ultimately resulting in an increase in
albumen pH from 7.6 to 9.5 (Kosin and Konishi, 1973; Dawes, 1975). Goodrum et al. (1989)
reported that albumen pH of table eggs is increasing more rapidly when eggs are stored at high
temperature (38°C versus 4°C). Afier approximately 6 days, all groups showed a stabilized pH with
values of 9.0 (4°C) - 9.5 (38°C). Proudfoot (1965) reported a pH of albumen of approximately 9.4
when eggs were stored for 8 days at 10-12°C. The pH of the yolk remains rather constant at 6.15,
with a small increase to 6.25 after 20 days of storage (Proudfoot, 1965). The blastoderm is situated
between albumen and yolk and is separated from the albumen by the vitelline membrane
(Romanoff and Romanoff, 1949). Therefore, a 1000-fold [H'] gradient (3 pH units) may occur
across the blastoderm (Stern, 1991). This author discusses the developmental functions of this
gradient and estimates values for intracellular pH of 6.9 and sub-embryonic fluid pH of 74 after
oviposition. Embryonic pH value changes rapidly during the start of the incubation process
according to Gillespie and McHanwell (1987). They reported an intra-embryonic pH of 8.3 afier
24-60 h of incubation. Sauveur et al. (1967) reported an albumen pH during storage of 8.2 as
optimal to maintain hatchability. This suggests an interaction between storage pi and hatchability,
which may be related with the developmental responses of the embryo at the beginning of of the
incubation process.

When eggs are enclosed in plastic bags, loss of carbon dioxide is retarded and albumen pH will
stay at a low level (Fletcher et al., 1959; Proudfoot, 1965). Storing eggs in plastic baps improved
hatchability, especially when storage time was prolonged (Becker, 1964; Proudfoot, 1964a,b;
Warren et al., 1965). Storing eggs with high levels of carbon dioxide did not improve hatchability
and when combined with longer storing periods resulted in recuced hatchability (Becker et al. 1964,
1968; Proudfoot 1964b). Kosin and Konishi {1973) replaced the lost carbon dioxide to maintain its
concentration in the albumen at the level of newly laid eggs and obtained no improvement in
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hatchability. They concluded therefore that the advantage of packing the eggs is more related to
differences in water Joss. This is in agreement with the results of Reinhart and Humik (1982), whe
reported hatchability after long-term storage at high humidity similar to that of eggs stored in
Cryovac (polyvinylidene chloride copolymer) bags.

Becker et al, (1968) showed that lowering the pH-level of the albuimen to the level of a fresh
laid egg by placing eggs for onc hour in COz-enriched air prior to setting did not improve
hatchability.

Possible influences of environmental conditions
Although periods of less than 4 days are preferable for storage of hatching eggs, the market

situation and hatchery organisation can demand longer storage periods. The rate of decline in
hatchability after storage depends on storage conditions. The functional effect of different storage
conditions on embryo and hatchability is not fully understood, but pH levels of albumen and
embryo can be refevant factors. It might be suggested that albumen pH should be similar to embryo
pH at the start of incubation so as to supply an optimal medium for development. This is supported
by the results of Sanveur et al. (1967), who suggested an optimal storage pH of 8.2. This is within
the range of the intra-embryonic pH at the beginning of the incubation period as reported by
Gillespie and McHanwell (1987).

Albumen pH at the start of the incubation process can be influenced in different ways. Storage
ternperature influences the loss of carbon dioxide and, therefore, the increase of pH. Goodrum et al.
{1989) reported that a positive correlation between albumen pH afler 6 days of storage and storage
temperature. This might explain the need for low temperature when the storage period is extended,
as also the required high temperature during storage for a limited period, as reported by Kaltofen
and El-Jack (1972).

After prolonged storage, albumen pH is 9.0 - 9.5, depending on storage temperature (Goodrum
et al., 1989). Metabolic activity of cells of the early embryo produces carbon dioxide (Kucera and
Raddatz, 1980) which influences the pH of the tissues, thus creating 2 more suitable environment.
Temporary heating of the eggs to incubation temperature during storage or heating the eggs before
incubation will induce metabolic activity of the embryo and, therefore, lower the pH in the tissues.
This might be a suitable explanation for the beneficial effects of this treatment,
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Packing the eggs in plastic will prevent the escape of carbon dioxide, but allows a limited
increase in albumen pH in the period between oviposition and packing and after packing until the
diffusive balance with the surrounding air is reached. Experiments with supplemental carbon
dioxide during storage have aimed at maintaining an albumen pH level close to that of freshly laid
eggs. According to the results of Gillespie & McHanwell (1987) and Sauveur et al., (1967} this
level is too low to obtain maximum hatching results.

Factors during storage reported to influence hatching results, possible sources of reported differences and
relevant management factors during storage

factor possible possible relevant
influencing source of mechanism fmanagement
results differences factor
developmental developmental stage
stage at oviposition
temperature biological pre-storage heating
treatment activity temporally heating
dormancy of temperature biological ternperature
the embryo activity
pH albumen temperature CO3 solubility time-temperature
embryo metabolism temporally heating
pre-setting heating
carbon dioxide chemical balance packaging
adding carbon dioxide
obsolecence temperature chemical/physical time-temperature

reactions
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CONCLUDING REMARKS

In the period between egg formation and incubation, environmental conditions and storage time
can have an influence on hatching results. Much research has been done on the influence of
different factors during storage on hatching resuits. However, the mechanisms that are responsible
for the results obtained in the experiments are not clear for every influencing factor. To determine
the consequences of management decisions, it is necessary to obtain more knowledge of the
mechanisms involved. In particular the relationship between albumen pH during storage and
embryo development seems an arca that needs further research.

Another interesting research area is the relationship between the time-temperature history of the
hatching egg in the nest, as a result of nest type and collection pattern, together with embryo
development in this period and capability of the embryo to withstand storage. It might be feasible
to adapt storage treatment to the time-temperature history of the eggs.

A third relevant research area is the moisture loss pattern during storage and incubation. If the
moisture losses during storage and incubation are interchangeable, an optimum total moisture loss
can he obtained by correcting for storage moisture loss during incubation.
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ABSTRACT

Analytical equations are formulated to describe the influence of climatic conditions on moisture
loss and temperature of hatching eggs. The equations are based on physical properties and are used
to calculate moisture loss and temperature of eggs in different situations. Temperature development
during cooling of eggs, moisture loss of eggs during cooling or heating and at constant temperature
and temperature in the egg during development of the embryo is described. For every characteristic,
analytical equations are formulated and practical impacts are discussed.

INTRODUCTION

Hatching eggs are exposed to various climatic conditions during production, storage, incubation
and hatching, The climatic condition in the respective stages affect embryo development and
hatching results. Little is known about the influence of the climate in the nest on hatchability. Kirk
et al. (1980) reported a slightly reduced hatchability when collecting eggs howly instead of every
five hours. North (1984: 72) recommended that eggs should be collected at least four times daily to
obtain maximum embryo viability and haichability. Environmental temperature after oviposition
influences the rate of embryonic development (Kaplan et al., 1978), especially during early stages
{Romanoff, 1939). This early embryonic development will depend on collection pattern, which may
affect viability and hatchability of the embryo.

After collection, eggs are often stored for several days prior to setting. Hatchability decreases
when eggs are stored for 7 days or more (Funk et al,, 1950). Tandron et al. (1983) reported a
decrease in hatchability after 2-3 days of storage. To obtain maximum hatchability, optimum storage
ternperature is reported to decrease with increasing storage time (Kaltofen and El-Jack, 1972; Kirk
et al,, 1980). Proudfoot (1976) reported that relative humidity during storage should be high to
prevent moisture loss. Kaufmann (1939} concluded that dehydration caused by extended moisture
loss during storage is not the main cause for decrease in hatchability after prolonged storage.

Temperature and moisture loss during incubation have a major impact on hatching results. In
practise, incubator temperature is fixed at 37.5 - 37.8°C. Hatchability and chick quality decreases,
haiching time changes and more anomalies occur when incubator temperature is too high or too
low (Romanoff, 1960). During incubation, egg temperature increases to a level above the
temperature of the surounding air, due to metabolic activity of the embryo (Tazawa and Rahn,
1987).



Mathematical model 25

A certain amount of moisture evaporates through the shell during incubation. This amount can
vary within a batch of eggs. The coefficient of variation of moisture loss during incubation is
reported to be as high as 22% for chicken eggs (Visschedijk et al, 1985). Although several
experiments (Hoyt, 1979; Simkiss, 1980) have shown that chicken embryos are able to compensate
at least partly for suboptimal moisture loss, it is well accepted that there is an optimal range. Ar and
Rahn (1980) suggested that 15% of the initial egg weight should be lost as metabolic water. Others
(Tullett, 1981; Meir et al., 1984; Hulet et al., 1987) reported an optimum moisture loss of 12%.
Meir and Ar (1987) and Hulet et al. (1987) showed that regulating incubator humidity to obtain a
specified moisture loss can improve hatchability of mrkey eggs.

In the period from oviposition to hatching, eggs are exposed to various environmental
conditions. To determine the effects of climatic conditions on the development of the embryo, it is
necessary to estimate the effects of macro-climate on micro-climate and therefore on egg content
and embryo. In order to estimate these effects, it is necessary to formulate the physical properties of
eggs and the physical laws involved with temperature changes and moisture loss of eggs by means
of analytical modelling.

In this article, physical aspects of temperature and moisture loss are described. Analytical
equations are formulated to calculate temperature development and moisture loss of eggs, as well
as temperature in the egg during development of the embryo.

COOLING AND HEATING OF EGGS
Theoretical aspects

Basically three different factors influence the cooling process of eggs, namely the temperature
difference between egg and surrounding air, heatflow through the egg content and heat transfer
between egg shell and surrounding air.

The basic shape (plate, cylinder, sphere) that approximates the shape of a hatching egg is the
sphere. The goveming equations for conducting heat transfer through a homogeneous sphere,
initially at a uniform temperature T and surrounded by air of constant temperature Ty, are (Luikov,
1968: 247):

of _  3’T 29T

ar ar2+r8r) M
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with boundary condition:

T
A( % ) =0 (Tsurronording  — Tambient ) (2)
=R

and starting condition (initial temperature of the egg constant):

T (r=0) = Thitial 3)

This set of equations results in the following solution:

o An.R.sin (. r/R
8=y = S‘:lu(”" "R) exp (112 Fo) @
Hn

n=1

The constant An in equation 4 is defined as:

_ 2 (sinjtn = jin costin)

An . &)
Ur — SiNLn COS Lp
while |L;, are the roots of the transcendental equation:
- HUn
= 6
tan (W) = -~ ©)

The dimensionless numbers used in these equations are defined as:

Fo = Fourier = a. t/R
Bi = Biot = o. R/A
0 = theta = (T— Tampiend/(Tinitial— Tambiens)
With equation 4 it is possible to calculate the temperature as a function of time for every spot
in a spherical egg. However, the shape of an egg is more elliptic than spheric. Analytical solutions
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to estimate the temperature in an ellipsoid are not known by the authors. Preliminary research
(unpublished) indicated that cooling time at the germ position is about 10% longer for a sphere
when compared with an egg of identical volume. The difference is about 15% when surface area is
identical.

Thermal properties

In order to compare the calculation of the temperature of hatching eggs during cooling with
experimental data, the thermal propertics of the egg and the convective heat transfer must be
estimated, The thenmal properties of eges can be calculated from the chemical composition (Miles
et al,, 1983). The calculated thermal properties of yolk and albumen as a function of emperature,
based on the chemical composition of the egg (Romanoff and Romanoff, 1949: 311) are given in
Table 1.

Table I:  Calculated thermal properties of yolk (Y) and albumen (A) based on the chemical composition

conductivity spec. heat density diffusivity
temp. WAIK) Tkg/K) kg/m m%sec

°oC Y A Y A Y A Y A
0 037 0.52 348 3929 1026 1037 1207 1287
10 038 0.54 3048 3929 1026 1037 1237 1327
20 039 055 3048 3929 1024 1035 1267 1367
30 0.40 0.57 3048 3929 1023 1032 1287 r407
40 041 0.58 3048 3929 1021 1031 1317 1447

A method to calculate the cooling rate of an egg is given by Luikov (1968: 417), using the
analytical solution for cooling of a system of two sperhical bodies with different thermal properties.
However, the drawback of this method is that the Biot number (the ratio between convection and
conduction) is infinite, While the difference in thermal diffusivity of yolk and albumen is relatively
small, a more simplified method would be to use the mean value of volk and albumen and calculate
the cooling rate with equation 4. To compare both methods, the dimensionless temperature 6 of a
cooling egg with mean and real thermal properties of yolk and albumen is calculated as a function
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of time. To be able to compare the results of both methods, convective heat transfer o in the
calculations with mean thermal properties is set at infinite level. The results of this comparison are
shown in Table 2.

Table 2: Dimensionless temperature of a cooling egg with mean
and real thermal properties of yolk and albumen

time (min) dimensionless temperature
mean real

15 0.537 0.561

30 0.224 0.267

31 0.258

a2 0234

KX) 0231

34 0.220

This table shows that the difference in tune required to reach the dimensionless temperature
0.22 between both analytical solutions is about 10%. Because of this relative small difference and
the mentioned drawback, we prefer to calculate cooling rates with equation 4.

Heat rangfer coefficient
The heat transfer coefTicient is the most difficult variable to estimate. The relation between the

Nusselt number (dimensionless heat transfer) and the Reynolds-number (dimensionless air velocity)

is:

Nu=2+13 Pr 9 L 066 RO pr033 0

The dimensionless numbers are defined as:

Pr= 8
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Nu = “ﬁR )
¥
Re=" .sz (10)

Fig. 1 shows the increase of the heat transfer coefficient of different sized spheres (comparable
with large, medium and small sized eggs) with increasing air velocity. Although equation 7 is often
used to predict the heat transfer coefficient, the measured value can be higher because of buoyancy
motion of air in the stagnant air layer around the sphere. The result of the calculations depends
largely on the thermal conductivity of air, as is shown in fig. 1.

heat transfer
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Figure 1: Relation between heat transfer coefficient of different-sized spheres and air velocity at two levels
of thermal conductivity of air. (—), R=30cm; (..), R=25cm; (-),R =20cm.

Half-cooling time

The half-cooling time, defined as the time needed to cool a body through half of the possible
temperature range, is a practical property 10 cotnpare cooling rates. The first half-cocling time of a
spherical body can be calculated with equation 4. The first half-cooling time is longer for the centre
of the