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Abstract

The aim of this study was to determine the effect of egg water loss during storage and incubation
on hatch rates in heavy-type broad-breasted white BUT Big 6 turkeys. Turkey hens started lay-
ing eggs at 30 weeks of age. In weeks 2, 8, 16 and 21 of the laying season, 1512 eggs were selected
randomly and divided into 4 groups of 378 eggs each. The groups of eggs were stored for 7, 10, 13
or 17 days before incubation. At the beginning and end of the storage period and on days 9, 15, 21
and 24 of incubation, eggs were weighed to determine the percent water loss relative to the egg’s
weight. Four incubation cycles of 378 eggs each were performed for each storage period. A total of
16 incubation cycles were carried out (4 weeks of the laying season x 4 egg storage periods) and the
following parameters were determined (%): egg fertilization, dead embryos, unhatched eggs and
hatchability results from fertilized eggs. The percentages of dead embryos and unhatched poults
with physical defects and abnormal position were determined in hatchery waste from each incuba-
tion cycle. Egg water loss varied throughout storage and reached 0.57% of total egg weight after
7 days, 0.79% after 10 days, 0.87% after 13 days and 1.28% after 17 days (P<0.05). After 7 days of
storage, egg water loss during a 15-day and 21-day incubation period reached 5.76% and 8.72%,
and lower values were noted after 17 days of storage (P<0.05). Egg water loss of 1.28% during stor-
age resulted in a high rate of early embryonic mortality (14.81%) and a low hatch rate (72.12%)
(P<0.05). High water loss in stored eggs contributed to a higher percentage of congested embryos.
During storage, egg water loss reached 0.72% in week 2 of the laying season, 0.78% in week 8 and
>1% in weeks 16 and 21 of the laying season (P<0.05). Egg water loss during a 21-day incubation
period was similar in weeks 2, 8 and 16 of the laying season, and lower in week 21 (P<0.05). The
hatchability of turkey eggs was lowest in weeks 16 and 21 of the laying season (P<0.05). Low water
loss during incubation contributed to a high rate of late embryonic mortality (13.2%). High water
loss during egg storage is accompanied by lower water loss during incubation. Water loss should
be monitored after storage and on days 15 and 21 of incubation to evaluate water metabolism in
hatching eggs.
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The yolk of turkey eggs contains 43—49% of water, and water content varies over
the laying season (Applegate and Lilburn, 1996; Faruga et al., 1996). According to
some studies, the water content of the egg yolk is constant in wild birds and turkeys
(Tazawa and Whittow, 2000; Mroz et al., 2014). The albumen of turkey eggs con-
tains 87.3—-88.2% of water, and water content increases with the progress of the lay-
ing season (Faruga et al., 1996; Mroz et al., 2014). An identical trend is also observed
in other poultry species (Lourens et al., 2006; Willems et al., 2014).

Water evaporates from eggs during storage. The evaporation process is also de-
termined by environmental factors and egg characteristics (Garip and Dere, 2011;
Hristakieva et al., 2011). Water vapor conductance of the eggshell varies across poul-
try species and utility types (Mréz, 1996; Mroz et al., 2007; Demirel and Kirikei,
2009; Alsobayel et al., 2013). Prolonged storage of turkey eggs, from 4 to 14 days,
increased water loss by 1.04% (Hristakieva et al., 2011) whereas prolonged storage
of chicken eggs, from 7 to 14 days, increased water loss by 1.14% (Alsobayel et
al., 2013). In other studies, water loss from chicken eggs was lower, ranging from
0.30% after 4 days of storage to 0.83% after 14 days of storage (Reijrink et al.,
2010). During 24-25 days of incubation, total water loss from turkey eggs is 9.5%
to 14% (Christensen et al., 1996; Mro6z and Pudyszak, 1997; Hristakieva et al.,
2011). Egg water loss during 24 days incubation is significantly influenced by in-
cubation technology and the time of first lay and length of lay (Christensen et al.,
1996; Mré6z and Pudyszak, 1997; Hristakieva et al., 2011). According to the cited
sources, turkey egg water loss is higher and stable at the beginning and in the middle
of the laying season, reaching 11-12%, whereas towards the end of the laying
season water loss is lower and varies widely from 9.5% to 11.9% relative to the
egg’s weight before incubation. Similar trends can also be observed in laying hens
(Meir and Ar, 2008; Ulmer-Franco et al., 2010). Water loss from turkey eggs
during incubation results from changes in egg quality (Christensen et al., 2003;
Mréz et al., 2004) and incubation technology (Boerjan, 2006; Lopez and Hergott,
2014).

Water evaporation from the egg is also determined by the developing embryo’s
metabolism (Christensen et al., 1996). A higher metabolic rate accelerates water
evaporation, thus maintaining an adequate hygienic status of the egg (Tazawa and
Whittow, 2000). Water permeates through the eggshell, hydrolyzes CaCO, and car-
ries Ca?"ions into the embryo’s bloodstream. Carbon dioxide, a product of hydroly-
sis, acidifies the eggshell and protects the embryo against infections (Solomon, 1996;
Tazawa and Whittow, 2000).

Excessive water evaporation from the egg during incubation reduces nutrient
availability to the embryo, increases embryonic mortality and decreases hatch rates
(Christensen et al., 1996; Abudabos, 2010; Madeddu et al., 2013). In turkeys, embry-
onic mortality rates were lower at egg water loss of 12.85%, compared with 14.29%
(Hristakieva et al., 2011).

Insufficient water evaporation from the egg during incubation increases the vol-
ume of amniotic fluid and tissue hydration, hinders free movement of the embryo
and transition from allantoic to lung respiration, and delays yolk sac resorption
(Christensen et al., 1996, 2003; Stepinska, 2013).
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Breeding progress and advances in turkey reproduction research followed by
changes in egg quality (Nestor et al., 2008), have promoted studies into the water
metabolism of hatching eggs. The objective of this study was to determine the effect
of egg water loss during storage and incubation on hatchability results in heavy-type
broad-breasted white turkeys.

Material and methods

Birds and nutritional regimen

The experimental materials comprised eggs of heavy-type broad-breasted white
BUT Big 6 turkeys. A total of 1800 turkey hens and 180 turkey toms were raised in
Poland, under intensive management conditions (Faruga and Jankowski, 1996). The
birds were fed diets formulated to meet their nutrient requirements, in accordance
with the relevant standards (Jankowski, 2005). Turkey hens received complete diets
containing 16—19% of crude protein and 11.7-12.1 MJ/kg of metabolizable energy.
Diets for turkey toms contained 10% of crude protein and 13.4 MJ of metabolizable
energy. Turkey hens started laying eggs at 30 weeks of age. In weeks 2, 8, 16 and 21
of the laying seasons, 1512 eggs were selected randomly, on the same day in weeks
2 and 8, and on two consecutive days in weeks 16 and 21 (due to decreased laying
performance). The eggs were marked individually and divided into 4 groups of 378
eggs each. The groups of eggs were stored for 7, 10, 13 or 17 days, beginning in
each of the analyzed weeks of the laying season. The storage periods were deter-
mined based on the Polish Standard for Hatching Eggs (1998). Turkey hatching eggs
should be stored for 7 days, it is acceptable to store them for 10-13 days, whereas
a 17-day storage period is unacceptable. The unacceptable, prolonged storage period
(17 days) was included into the experimental design because eggs are stored for such
a period in case of overproduction and when the poult market is unstable.

Analyses before incubation. Eggshell defects

In each week of the laying season, eggs were weighed individually within an
accuracy of = 0.1 g. The surface of each eggshell was evaluated visually, using the
method of Mrdz and Faruga (2000), to determine the percentage of eggs with normal
shell structure, rough-shelled eggs and eggs without shell pigmentation relative to all
analyzed eggs, based on the following criteria:

—normal eggshell — a smooth outer surface, darker pigment spots distributed over
a lighter-colored surface,

— rough eggshell — deposits of eggshell mass of various size,

— eggshell without pigmentation — a smooth, white outer surface without spots.

Analysis of egg water loss during storage

Eggs of each group were stored in an egg storehouse at a commercial hatchery, at
ambient temperature of 15°C and relative humidity of 75 to 80%. At the completion
of the storage period, eggs were weighed individually and percent water loss was
determined using the following formula:
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relative weight loss, % = 100 *x (Wo — Wsp)/Wo

where:
Wo = egg weight on day 0 of the storage period,
Wsp = egg weight after 7, 10, 13 and 17 days of storage.

Analyses during incubation. Analysis of egg water loss

Prior to incubation, eggs were transported from the storehouse to a hatching room
where they were held for 8 hours at an ambient temperature of 18°C and relative
humidity of 60% to warm them up. After storage, eggs were incubated in the Peter-
sime P13 incubator, with a setting compartment and a hatching compartment. Four
incubation cycles of 378 eggs each were performed for each storage period. Incuba-
tion was carried out in line with the relevant technological standards for turkey eggs.
Temperature and relative humidity were as follows: setting compartment — 37.6°C
and 58%, respectively; hatching compartment — 37.2°C and 62%, 85% and 70%,
respectively, on days 26-28. In the setting compartment, eggs were turned automati-
cally by 90° every hour. Eggs were candled on days 11 and 25, and they were trans-
ferred to hatching trays on day 25 of incubation. Eggs containing live embryos were
weighed during intensive embryo growth, i.e. on days 9, 15, 21 and 24 of incubation,
always at 8:00 p.m. Egg weight determined within an accuracy of + 0.1 g during
incubation provided a basis for calculating water loss based on the following
formula:

relative weight loss, % = 100 x (W1 — Wx)/W1

where:
W1 — egg weight at setting,
Wx — egg weight on days 9, 15, 21 and 24 of incubation.

Analysis of egg hatchability

After candling, discarded eggs were cracked, and the actual numbers of fertile
eggs and eggs containing dead embryos were determined using the key developed
by Dziaczkowska and Faruga (1981). The number of embryos that died after 25 days
of incubation and the number of punctured eggs containing live unhatched chicks
were determined at the end of incubation. The percentage of fertile eggs relative to
set eggs, the percentage of embryos that died between days 1 to 11 and 12 to 28 of
incubation, and the percentage of unhatched chicks and hatchability from fertilized
eggs were also calculated.

Analysis of breakouts

Dead embryos and unhatched poults were evaluated based on body conforma-
tion. The percentage of embryos with the following defects was determined:

— congestion,

— abnormal accumulation of fluid in the head and neck area and in the abdominal
cavity,
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— abnormal position of the embryo in the egg,

— congenital disorders (monsters),

— abnormal/irregular yolk sac.

The body structure of embryos was analyzed based on the authors’ expertise and
experience, with the use of the key proposed by Dziaczkowska and Faruga (1981).
The percentage of embryos with the above defects relative to all dead embryos was
calculated using the following formula:

Embryos with a given defect, % = number of embryos with a given defect < 100% /
number of dead embryos

The study was carried out in accordance with the protocols approved by the Ethi-
cal Committee of University Warmia and Mazury in Olsztyn (No. 16/BZ/2009).

Statistical analysis

The values of egg weight before storage and eggshell disorders were analyzed
by one-way analysis of variance and expressed as arithmetic means (g) and SEM.
A random effect model was used. The values of egg water loss during storage and
incubation hatchability and embryonic defects were analyzed by two-way analysis of
variance. The significance of differences between means was estimated by Duncan’s
test. All calculations were performed using STATISTICA 10.0 software (StatSoft
Inc., 2011). All statements of significance were based on P<0.05. A split-plot design
was used to analyze the data, as the effects of storage period and week of the laying
season. The effects of the interaction between the experimental factors (interaction
= egg storage period, day x laying season, week) on the analyzed parameters were
presented in graphical form.

Results

Egg water loss was significantly affected by the length of the storage period
(P<0.05) (Table 1). After 17 days of storage, water loss was 0.71% higher than after
7 days of storage. The storage period had no influence on water loss during a 9-day
incubation period. During 15 and 21 days of incubation, the lowest water loss was
noted in eggs stored for 17 days. Eggs stored for 10 and 13 days were characterized
by similar water loss during 15 and 21 days incubation, which was lower than that
noted in eggs stored for 7 days by 0.16 to 0.29 percentage points (Table 1).

Egg water loss was also related to the progress of the laying cycle (Table 1). The
amount of water loss during storage was 0.22 and 0.30 percentage points higher in
weeks 16 and 21 of the laying season than in weeks 2 and 8, respectively (P<0.05).
During 9, 15, 21 and 24 days of incubation, the loss of water by evaporation was
much lower in week 21 of the laying season than in the remaining weeks. On day 24
of incubation, egg water loss was highest in week 8 of the laying season (Table 1).
Week 21 of the laying season was characterized by the lowest (1.08 to 1.86%) water
loss during 24 days of incubation (P<0.05).
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Table 1. Egg water loss during storage time and incubation (%)

During During incubation?

Item

storage' | 9 days | 15 days | 21 days |24 days

Egg storage period (days)

7 0.57d 3.11 576 a 8.72a 10.22
10 0.70bc  3.05 547b 8.56ab  10.19
13 0.87b 3.10 5.53b 8.47b 10.11
17 1.28a 3.02 517¢ 8.22¢ 9.96
Laying season (weeks)
2 0.72¢ 2.99b 5.63a 8.70 b 10.29 b
8 0.78 b 3.17a 5.66 a 892 a 10.94 a
16 1.02a 3.18a 555a 8.66 b 10.16 b
21 1.00 a 293b 5.09b 7.70 ¢ 9.08 ¢
SEM 0.007 0.024 0.037 0.039 0.039
P-value
Storage period 0.001 0.490 0.001 0.001 0.074
Laying season 0.001 0.001 0.001 0.001 0.001
Storage period (day) x laying season (week)  0.001 0.001 0.001 0.001 0.001

"Water loss relative to egg weight before storage, *Water loss relative to egg weight after storage.
a, b, ¢, d — values in columns followed by different letters are significantly different at P<0.05.

The interaction between the experimental factors for egg water loss is presented
in Figure 1. In the analyzed weeks of the laying season, the time of egg storage
had varied effects on water loss during incubation. In week 2 of the laying season,
water loss depended on the storage period, which had no influence on the amount
of water lost by evaporation during incubation. In week 8 of the laying season, only
a 17-day storage period significantly (P<0.05) decreased water loss during incuba-
tion. In week 16 of the laying season, the highest water loss during incubation was
noted in longest-stored eggs, although they lost the largest amount of water over
storage. In week 21 of the laying season, water loss during storage exceeded 1% of
total egg weight, excluding eggs stored for 7 days, and differences in water loss were
noted already on day 9 of incubation (P<0.05). In previous weeks of the laying sea-
son, egg water loss remained at a similar level until day 9 of incubation (Figure 1).

The hatchability results of turkey eggs are shown in Table 2. Egg fertilization
was comparable in groups of eggs selected for storage. Early embryonic mortality
(days 1-11) was 9.10, 5.15 and 5.21 percentage points higher in eggs stored for
17 days than in those stored for 7, 10 and 13 days, respectively (P<0.05). Eggs
stored for 10 days were characterized by the lowest rate of late embryonic mortality
(days 12-28 of incubation, P<0.05) and by the highest percentage of unhatched
poults (P<0.05). Egg hatchability was 5.03, 2.67 and 9.51 percentage points higher
in eggs stored for 7 days than in those stored for 10, 13 and 17 days (P<0.05)
(Table 2).
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Table 2. Hatchability results (%)

E Dead embryos? Hatchability
Item cortilionio | days 111 | days 12-28 | unhatched | from fertilized
ertilization . . . . .
of incubation | of incubation chicks? eggs

Egg storage period (days)

7 97.22 571b 571a 6.94b 81.63 a

10 97.52 9.66 b 3.76 b 9.90 a 76.60 b

13 97.12 9.60 b 6.03 a 541b 78.96 ab

17 96.43 1481 a 6.38a 6.69 b 72.12¢
Laying season (weeks)

2 95.73 b 10.88 a 2.80b 3.11d 83.21a

8 97.72 a 7.61b 1.32¢ 487 ¢ 86.19a

16 96.92 ab 1126 a 440b 7.06 b 77.28 b

21 9792 a 10.03 a 1327 a 13.88 a 62.82b
SEM 0.40 0.95 1.30 1.02 2.55
P-value
Storage period 0.073 0.001 0.041 0.001 0.001
Laying season 0.032 0.046 0.001 0.001 0.001
Storage period x laying 0.037 0.042 0.039 0.041 0.001

season

! — egg fertilization relative to eggs set, >— dead embryos and hatchability relative to fertile eggs.
a, b, ¢, d — values in columns followed by different letters are significantly different at P<0.05.

Table 3. Characteristics of defective dead embryos and unhatched poults (% of all dead embryos and

unhatched poults)
Embryo defects
Item . abnorma.l abnormal Co_ngenital Abnormal/irregular
congestion | accumulation " disorders yolk sac
of fluid position (monsters)

Egg storage period (days)

7 35.72b 4.08 6.12 4.08 26.53

10 18.67 ¢ 4.00 8.00 1.33 26.67

13 42.05 ab 341 11.36 5.68 28.41

17 5341 a 0.00 27.27 1.14 27.27
Laying season (weeks)

2 38.89 ab 3.70 3.70 7.41 22.22 ab

8 15.63 ¢ 1.56 4.69 3.13 12.50 b

16 2356 ¢ 0.00 13.24 1.47 3529a

21 5276 a 4.29 9.20 245 31.29a
SEM 5.37 0.88 1.71 3.46 1.84
P-value
Storage period 0.002 0.328 0.333 0.350 0.429
Laying season 0.001 0.740 0.150 0.350 0.040
Storage period X laying 0.001 0.060 0.110 0.238 0.036

season

a, b, ¢ — values in columns followed by different letters are significantly different at P<0.05.
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Hatchability results varied throughout the laying season (Table 2). The lowest
egg fertilization rate was noted in week 2 of the laying season (P<0.05). Week 8§ of
the laying season was characterized by the lowest rates of early and late embryonic
mortality (P<0.05). The number of unhatched poults increased in successive weeks
of the laying season (P<0.05). The highest hatchability results were observed in
weeks 2 and 8 of the laying season (P<0.05) (Table 2). Egg hatchability decreased by
20.39 to 23.37 percentage points between weeks 2 and 8 and 21 of the laying season.

The egg storage period exerted differential effects on hatch rates in the analyzed
weeks of the laying season. The interaction between the experimental factors re-
vealed that fertility rates varied only in week 16 of the laying season, due to ran-
dom selection of eggs for the study (P<0.05) (Figure 2). Until day 11 of incubation,
embryonic mortality rates were similar in eggs stored for 10 and 13 days (P<0.05)
(Figure 2). In each week of the laying season, eggs stored for 17 days were charac-
terized by the highest early embryonic mortality. Late embryonic mortality (days
12-28 of incubation) was not affected by the egg storage period only in weeks 2 and
8 of the laying season (Figure 2). The highest percentage (>10%) of unhatched eggs
was noted in the last week of the experiment (Figure 2). Hatch rates decreased sig-
nificantly with extended storage in weeks 2 and 16 of the laying season (interaction:
P<0.05) (Figure 2). The final hatchability was influenced by the progress of laying
cycle rather than by the egg storage period (Figure 2).

Abnormalities of dead embryos and unhatched poults are characterized in Table
3. The most common defect was congestion. The percentage of congested embryos
was 6.33 to 23.38 percentage points higher in eggs stored for 13 days, and 17.69
to 34.74 percentage points higher in eggs stored for 17 days than in those stored
for 10 and 7 days (P<0.05). The storage period had no influence on the number of
embryos with other defects. The percentages of congested embryos and embryos
with abnormal yolk sacs varied throughout the laying season. The percentage of
congested embryos was 13.87 to 37.13 percentage points higher in week 21 of the
laying season than in the remaining weeks. Yolk sac abnormalities were encountered
more frequently in weeks 16 and 21 of the laying season than in the previous weeks
(P<0.05) (Table 3).

Table 4. Egg quality characteristics

Laying season Number Average egg Eggshell defects (%) -
(weeks) of analyzed eggs |  weight (g) normal | rough _ without
pigmentation
2 1512 87.40d 8532 a 10.52b 4.17
8 1512 9422 ¢ 83.14a 12.60 b 4.27
16 1512 97.45b 84.43 a 11.41b 4.17
21 1512 98.05 a 74.50 b 2033 a 5.16
SEM 0.099 2.16 1.94 0.21
P-value 0.001 0.001 0.001 0.081

! — relative to all examined eggs.
a, b, ¢, d — values in columns followed by different letters are significantly different at P<0.05.
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The interaction between the experimental factors revealed that the percentage of
defective embryos was lowest in week 8 of the laying season, and it was not affected
by the storage period (Figure 3). In week 21 of the laying season, the storage period
had no influence on the percentage of embryos with yolk sac abnormalities. In weeks
16 and 21 of the laying season, the percentage of congested embryos increased even
after 7 days of storage.

Egg weight increased by 10.65 g between weeks 2 and 21 of the laying season
(P<0.05) (Table 4). The percentage of rough-shelled eggs increased by 9.81% in
week 21. The percentage of eggs with shell color abnormalities remained low at
4.17-5.16% in the analyzed weeks of the laying season (Table 4). Significant chang-
es in egg weight and, towards the end of the laying cycle, also in shell quality, point
to changes in egg quality throughout the laying season.

Discussion

Prolonged storage increases water loss in turkey eggs. In the present study,
a 17-day storage period led to lower water loss (1.28%) than that observed by
Hristakieva et al. (2011) over 14 days (1.55%). The differences between the results
of our study and the findings of Hristakieva et al. (2011) and Christensen et al. (1996)
are due to the different methodological approaches used (laying season, average egg
weight, egg storage and humidity level in the storehouse). Microclimate conditions
in the egg storehouse were typical of Polish hatcheries.

Most studies conducted to date have investigated water loss from chicken hatch-
ing eggs during storage (Petek and Dikmen, 2006; Reijrink et al., 2010). Our results
confirm the previously formulated conclusions that turkey eggs should not be stored
for more than 7 days.

Evaporative water loss during storage was higher in eggs from older hens, which
is consistent with the findings of Brake et al. (1997). Eggs from older turkeys were
also characterized by higher weight, lower shell quality and higher moisture content
of the albumen, which increases the rate of water evaporation (Mréz et al., 2004,
2014), although not every study observed such a relationship in the hatching eggs of
broiler breeders (Zakaria et al., 2009).

Water loss from incubated eggs varied during the period of rapid embryonic
growth. Long-stored eggs were characterized by the lowest water loss during incu-
bation. The highest water loss was noted in week 8 of the laying season. The amount
of water lost by evaporation during a 24-day incubation period was lower than that
reported by Christensen et al. (1996). During 24 days of incubation, the highest wa-
ter loss was determined in week 8 of the laying season, which confirmed the results
of earlier studies (Applegate and Lilburn, 1996; Mréz and Pudyszak, 1997; Mroz et
al., 2004). During the incubation of chicken eggs, the highest rate of water evapora-
tion was also observed at the peak-of-lay (Tona et al., 2001; Zakaria et al., 2009;
Ulmer-Franco et al., 2010; Alsobayel et al., 2013), but not in all studies (Peebles
et al., 2001; Meir and Ar, 2008). High water loss during incubation noted in week
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16 of the laying season, despite considerable loss over storage, is hard to explain, but
it was not associated with any methodological errors.

The egg storage period had no influence on water evaporation during 9 days of
incubation. During that period, water contained in the albumen permeates the yolk,
and the rate of evaporation is low. In eggs collected in week 21 of the laying season,
water loss during the first 9 days of incubation was lowest, most probably due to
a slower rate of embryo growth. Water loss during 24 days of incubation was lower
than 10%, which indicates that there is a relationship between a late laying period,
a long storage time and water evaporation in incubated eggs (Mrdéz and Pudyszak,
1997; Hristakieva et al., 2011). The results of our study confirm the observations of
other authors that higher water loss during storage is followed by lower water loss
during incubation (Ruiz and Lunam, 2002; Yildirim, 2005; Romao et al., 2008).

The hatchability results of eggs stored for 7 days were higher than the values
obtained in previous studies that used similar experimental materials (Ortowska and
Mrdz, 20006). A 7-day storage period is considered optimal for turkey hatching eggs
(Polish Standard PN-R-78564, 1998; Mroz et al., 2004; Ortowska and Mroz, 2006),
which was also confirmed in the present study. The rates of late embryonic mortality
suggest that prolonged storage of turkey eggs prior to incubation (10 days) delays
embryonic development and contributes to increased mortality during the time of
hatching. A high rate of late embryonic mortality in eggs stored for 7 and 17 days
in week 21 of the laying season is hard to explain, and could result from high egg
weight and shell quality deterioration.

Higher egg fertilization was noted in the first weeks of the laying season, which
was also reported by Grimes et al. (2004). In turkeys, hatchability decreases after
the peak-of-lay due to increased embryonic mortality and a higher percentage of
unhatched poults, which was also demonstrated by Faruga et al. (1996), Grimes et
al. (2004) and Hristakieva et al. (2011). The embryonic mortality rates noted in our
study are comparable with those reported by Christensen et al. (2003) and Ortowska
and Mrdz (2006). A higher number of dead embryos is related to lower water loss
during incubation, which was also observed by Christensen et al. (1996). Congested
embryos and embryos with abnormal yolk sacs had the highest share of hatchery
waste, which is consistent with previous studies of turkeys (Mroz et al., 2002, 2004;
Stepinska et al., 2012) and laying hens (Malec et al., 2002; Sharaf et al., 2010).
The percentage of embryos with abnormal yolk sacs was similar to that reported by
Stepinska et al. (2012) at 14-34%, whereas the cited authors noted a lower percent-
age (13-22%) of congested embryos. The number of defective embryos determined
in our study differed from those reported previously due to differences in egg quality
and experimental period. Mréz et al. (2002) noted only 7% of embryos with physical
defects in highest quality eggs.

The results of this study and previous research show that water loss is influenced
by egg weight and shell quality (Mr6z and Faruga, 2000; Mroz et al., 2002, 2004,
2007). A high percentage of rough-shelled eggs could affect average water loss over
a 24-day incubation period, and hatchability in week 21 of the laying season. A simi-
lar relationship was also observed in other meat-type poultry species (Tona et al.,
2001; Ulmer-Franco et al., 2010).
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Our findings suggest that the amount of water lost by evaporation from hatching
eggs was affected by both the length of the storage period and laying season. Water
loss accounting for 0.57-0.87% of total egg weight was typical of optimal and per-
missible egg storage periods in turkeys. Water loss accounting for 1.00-1.28% of
total egg weight was characteristic of a long storage period and a late laying period.
During rapid embryonic development, water loss was also influenced by the length
of the storage and laying periods. Higher water loss (8.47-8.72%) was noted in eggs
stored for 7, 10 and 13 days than in those stored for 17 days. Higher water loss
(8.66-8.92%) was also observed in weeks 2, 8 and 16 of the laying season than in
week 21. Only in week 2 of the laying season, egg water loss during incubation was
not determined by the storage period.

Egg hatchability decreased significantly by 8.81% to 13.27% when water loss
during storage increased to 1.00—1.28%, reaching 7.70, 8.22 and 8.66% during rapid
embryo growth.

At the beginning of incubation, embryonic mortality caused by cardiovascular
anomalies was highest in eggs stored for 13 and 17 days. Late embryonic mortality
and the percentage of unhatched eggs were influenced by the progress of the laying
cycle rather than by the egg storage period. A high percentage of abnormal/irregular
yolk sacs was noted in weeks 16 and 21 of the laying season. Week 8 of the lay-
ing season was characterized by the highest egg hatchability of 86.19%, water loss
during storage of 0.78%, and the highest water loss during rapid embryo growth
(8.92%) and over a 24-day incubation period (10.94%).The results of this study in-
dicate that eggs have mechanisms responsible for regulating evaporative water loss.
Lower percent water loss during storage contributes to higher water loss during rapid
embryo growth and higher hatch rates. Further research investigating egg water loss
during storage and incubation should account for various egg storage conditions (e.g.
relative humidity) and eggshell quality characteristics.

The results of this study indicate that water loss should be monitored during
storage to control water evaporation from turkey hatching eggs and to determine the
causes of any abnormalities in water metabolism during embryonic development.
Evaporative water loss during embryogenesis should be controlled on days 15 and
21 of incubation.
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