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Abstract 1. A non-invasive condenser microphone was used to detect cardiogenic, acoustic pressure
changes (acoustocardiogram, ACG) over the eggshell in order to determine embryonic heart rate (HR) of
ostriches in a commercial hatchery.
2. HR measured for 36 eggs at 36·3°C was maintained at about 185 bpm during the middle stage of
development (days 19 to 23) and then decreased with embryonic development.
3. The daily changes in HR were not related to egg mass, but HR of high water vapour conductance
(GspH2O) eggs was found to decrease less during the last stages of incubation relative to low and medium
GspH2O groups.
4. The averaged HR at 80% of incubation period was close to the value predicted from the allometric
equation determined previously for embryos of domesticated precocial birds.

INTRODUCTION
The ostrich (Struthio camelus) has become a commercially farmed animal in several countries (Deeming
et al., 1993) including Israel where such farming is
well established. In order to improve hatchability,
research and development take place in the ostrich
hatcheries. Water vapour conductance of the
eggshell (GH2O) together with initial egg mass is
determined in individual eggs, and eggs with relatively different GH2O are incubated in separate
incubators provided with different humidities in an
attempt to maintain adequate water loss.
We have developed various non-invasive
methods and techniques to determine the embryonic heart rate (HR) of birds, and have been able
to measure developmental patterns of HR (daily
changes in mean HR during incubation) in several
species of altricial and precocial birds and also in
semi-precocial seabirds (Tazawa et al., 1990;
Tazawa et al., 1991; Burggren et al., 1994; Tazawa
et al., 1994 Tazawa and Whittow, 1994). We were
interested in measuring the embryonic HR during
normal incubation of the largest living bird in
terms of its developmental pattern and allometric
relationship with egg mass. The developmental
patterns of prenatal HR of domesticated precocial
birds show a trend to decrease towards pipping
time (Laughlin et al., 1976; Tazawa et al., 1991).
Thus it was predicted that the daily HR of ostrich
embryos would also decrease during the last stages
of incubation and mean HR would be around 160
beats/min. The present study on non-invasive determination of embryonic HR of the ostrich in
relation to eggshell GH2O and egg mass was undertaken in an ostrich hatchery in Israel.

MATERIALS AND METHODS

Incubated eggs
Experiments were carried out at a hatchery of
Zemach Ostriches, Israel, for a limited period of 5
consecutive days from March 3, 1996, when routine commercial incubation was in operation. Eggs
collected from farms were kept in a storing room
until set for incubation once a week and measured
for mass and GH2O. The  rst day of starting
incubation was counted as day 0 and GH2O was
measured as described below. Each egg was
marked and weighed just before being set. Eggs
were incubated for 10 to 15 d in an incubator of a
given relative humidity (c. 30%) and temperature
(c. 36·3°C). Incubation temperature and humidity
were recorded hourly and averaged for the entire
period. At the end of this period, eggs were
weighed again and mass speci c GH2O(GspH2O)
values were calculated from egg mass, mass loss,
internal egg humidity (calculated from water vapour saturation pressure at the averaged incubator
temperature), averaged incubator water vapour
pressure (calculated from the averaged incubator
temperature and relative humidity) and corrected
for the averaged barometric pressure and standard
temperature (Meir et al., 1984; Meir and Ar, 1987;
et al., 1996). Using these GspH2O values eggs were
grouped into low, medium and high GspH2O eggs
and were directed into 1 of 3 incubators with
humidity set at an appropriate level to achieve an
average of 13% water loss, until transferred to the
hatcher on d 38 of incubation.
For our experiments, we selected 12 eggs from
each of the egg groups incubated already for 19 d
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(group I), 26 d (group II) and 33 d (group III),
respectively to make 3 age groups. Samples of eggs
were selected to contain eggs with small and large
masses, and small, medium and large GH2O values. Thus, embryonic HR was measured for eggs
of different ages during the same 5-d period, under
the same incubator conditions. The average incubation duration in this hatchery was 41 d.
Group I: HR was measured every day from
19 to 23 d of incubation; equivalent to 46% to
56% of the incubation duration. The mean mass of
the 12 eggs was 1320 6 189 (SD) g, ranging from
1037 to 1578 g. The mean value of GspH2O of the
12
eggs
was
103·8 6 19·7 mg/(d.Torr.kg).
Mean GspH2O of the 3 subgroups (small, medium
and large) was 80·8 6 2·2 (n 5 4; numbered from
I–1 to I–4 in increasing order of egg mass),
102·0 6 2·6 (n 5 4; numbered from I–5 to I–8) and
128·7 6 1·0 (n 5 4; numbered from I–9 to I–12),
respectively.
Group II: HR was measured every day from
d 26 to 30 d of incubation; equivalent to 63% to
73% of the incubation duration. Mean egg was
1334 6 182 g (n 5 12), ranging from 1107 g to
1588 g. The mean GspH2O was 110·1 6 29·6 mg/
(d.Torr.kg) for 12 eggs and 75·9 6 2·3 (n 5 4; from
II–1 to II–4), 106·6 6 3·7 (n 5 4; from II–5 to II–8)
and 147·7 6 5·1 (n 5 4; from II–9 to II–12) for the
3 subgroups, respectively.
Group III: HR was determined every day
from 33 to 37 d of incubation; equivalent to
80% to 90% of the incubation duration. Mean egg
mass was 1331 6 103 g (n 5 12), ranging from
1128 g to 1499 g. Mean GspH2O was
106·0 6 20·5 mg/(d.Torr.kg) for 12 eggs and
82·8 6 7·4 (n 5 4; from III–1 to III–4), 103·8 6 2·9
(n 5 4; from III–5 to III –8) and 131·6 6 1·3 (n 5 4;
from III–9 to III–12) for the 3 subgroups, respectively.

Measurement procedures
Two eggs were transferred from the commercial
incubator to an experimental chamber (taking less
than one min). The chamber comprised a wooden
thermostatted box 60 3 60 cm wide and 30 cm
high, covered with a removable transparent plastic
dome. Two round windows, 10 cm in diameter,
were cut through the front panel of the chamber
and covered with rubber  aps to enable manipulation of the eggs and the ACG pickup (a condenser microphone). The temperature in the
chamber was kept at 36·3°C by a thermostatted
electric heater and fan. The measurement for the
 rst egg began after about 10 min and took about
10 min for each egg. After 2 eggs were measured,
they were returned to the commercial incubator
and another 2 eggs introduced into the experimental chamber. Thirty six eggs were measured each
day.

Acoustocardiogram
From the various available methods for noninvasive determination of embryonic HR, acoustocardiography was used because it was relatively
free from external noises (vibrations) compared
with other measuring systems (Rahn et al., 1990;
Wang et al., 1990; Haque et al., 1994; Akiyama
et al., 1997).
A conventional condenser microphone was
used to detect cardiogenic acoustic pressure
changes occurring outside the eggshell through the
pores (that is, acoustocardiogram, ACG). The condenser microphone was covered with a cylindrical
metal frame with a 2 mm hole across in the centre
of the front surface. The microphone was placed
on the eggshell so that the hole  tted over visible
pores and was sealed hermetically on to the
eggshell with clay. The microphone was biased by
a 6-volt battery and was connected to a Grass
polygraph ampli er. The output was monitored by
an oscilloscope. If no ACG signal was detected, the
microphone was repositioned on the eggshell until
the required signal was obtained. The ampli er
was set at selected ampli cations ranging from
0·2 mV/cm to 5 mV/cm so that ACG waves could
be observed and recorded as large de ections on
the polygraph chart.

Mean heart rate
Once the ACG signals were seen on the oscilloscope, the polygraph was switched to recording
position at a paper speed of 5 mm/s. Continuous
recordings of no less than 30 s were made every
2 min for at least 10 min. This recording was
sectioned every 25 min (5 s section). The number
of ACG waves in each 5 s section was counted and
the time interval between the 2 peaks of the  rst
and last ACG waves in the section was determined.
A value of HR in beats per min (bpm) for the
approximate 5 s period (referred to as HR5) was
then calculated. Six to 7 values of HR5 were
determined from a single recording and averaged
to give a mean value (referred to as HR30) for an
approximate 30 s period. This procedure revealed
variations in HR5 during the 30 s period. From
each of the 30 s recordings made every 2 min for
each egg, 5 to 6 values of HR30 were determined
and averaged again to give a mean value of HR for
an embryo on a given incubation day (referred to
as MHR).

Statistical analysis
Differences in HR between the 3 age groups and
the effects of egg mass and GspH2O on the HR
were examined by 3 way ANOVA. A 2 way
ANOVA examined the signi cance of daily
changes in HR and the effect of GH2O on the HR.
Pairwise comparisons of group means adjusted by
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the Bonferroni Procedure were examined for differences between 3 groups to indicate which
groups differed from others at the critical level of
0·016 (0·05 divided by number of groups (3)).
RESULTS
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Acoustocardiogram and determination of
HR5, HR30 and MHR
Figure 1 shows the ACG recorded from an embryo
(II–3) on day 28 of incubation and the mean HR
(HR5) calculated for an approximate period of 5 s.
The recording is typical of an ACG signal. In this
example, the ACG amplitude increased when the
second measurement was made (the  rst 20 s
recorded section of the top tracing). When the
third measurement was made after the second
break (thick arrow), the amplitude of the ACG
wave decreased to less than half the previous value
and the HR5 changed considerably. For example,
for the 5 s period prior to the thick arrow, 11 peaks
were counted during a measured distance of
25·2 mm for time interval and thus calculated HR5
to be 131 bpm. Similarly, for the  rst 5 s period of
recording at 09·43, 14 peaks were counted during
the time interval of 24·8 mm and thus calculated
HR5 to be 169 bpm.
All HR5 s calculated as above were averaged
to give the mean HR for an approximate 30 s
recording period (mean HR5 5 HR30). In the above
embryo (II–3 on day 28), the HR30 6 SD was
179 6 1 (n 5 7), 122 6 3 (11), 169 6 5 (13), 172 6 5
(6), 173 6 4 (6) and 176 6 3 (8) bpm. The second
HR30 value was low compared with the others, but,
the coef cient of variation in HR30 (2·5%) was
similar. Finally, these HR30 values were averaged
again to give the mean HR on this incubation day
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(mean HR30 5 MHR); the MHR 6 SD of the embryo in this example was 165 6 20 bpm (number of
mean HR30 5 6). Because of the unusually low
HR30 value in the second determination, the SD
was high, and the coef cient of variation of MHR
was large (12·1%).

Variationin heart rate during development
Such an abrupt change in HR30 as shown in Figure
1 did not occur in group I embryos, only featured
once in group II, but occurred frequently in many
eggs of group III as shown in Figure 2 which
presents an example of HR30 variation. The variation in MHR increases late in incubation (group
III) in all 3 groups of low (panel A), medium (panel
B) and high (panel C) GspH2O eggs. The
MHR 6 SD of egg II–3, whose ACG is shown in
Figure 1, was 182 6 0·4 (n 5 5), 178 6 2 (5),
165 6 20 (5), 165 6 2 (5) and 160 6 2 (5) bpm for
incubation ages of 26, 27, 28, 29 and 30 d, respectively. The variation in HR30 was small except for
day 28. In another example, MHR 6 SD in egg
III–4 was 146 6 2 (n 5 5), 147 6 6 (6), 119 6 19 (5),
119 6 7 (6) and 108 6 4 (7) bpm on days 33, 34 35,
36 and 37 of incubation. HR variation in this age
group (III) was high compared to the younger
groups. Figure 2 also indicates that MHR decreased with embryonic development.

Figure 1. An example of an acoustocardiogram of a 28-d-old embryo.
Measurements at about 30 s intervals were made every 2 min during a 10-min
period. The time-marks shown at the bottom of the recording indicate 1–5 intervals
and the bottom tracing is continued from the top. The arrow on the top tracing
indicates a 2 min break in recording (the upper 1st 20 s recorded section was a
part of the 2nd measurement recorded at 09·41 and after the 2 min break marked
with the arrow the 3rd measurement was made). These measurements were longer
than 30-sec, because the amplitude of ACG increased in the 2nd measurement
and the amplication was decreased (5 mV/cm). At the thin arrow at bottom,
the amplication was restored to 2 mV/cm to obtain a sharp and large deection
of the ACG wave. The numbers written under the time-mark indicate the HR5
values.

Figure 2. Variation in HR30 (averaged HR5) of 12 eggs, representing the age

groups I, II and III. Each open circle presents the HR30. Solid lines connect the
MHR (mean HR30) of individual eggs in each group.
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Developmental patterns of MHR
Figure 3 presents developmental patterns of MHR
determined in 36 embryos. The 3 way ANOVA
indicated that the MHR was signi cantly different
between groups I, II and III (F 5 205·4,
P , 0·0001); thus indicating that the MHR decreased signi cantly with age, and between panels
A, B and C (F 5 9·08, P , 0·0001); indicating that
the MHR was affected by GspH2O. There was no
signi cant relationship with egg mass (F 5 0·19).
The interaction between groups (age) and GspH2O
was signi cant (F 5 4·71, P , 0·001). The 2 way
ANOVA tested for differences in MHR between
individual incubation days, and between GspH2O’s
in each group. In group I (19 to 23 d), there were
no signi cant differences in MHR within incubation days, nor between the 3 GspH2O groups. In
group II (26 to 30 d), the differences in MHR
between incubation days and between GspH2O
groups were signi cant (F 5 9·29, P , 0·0001 and
F 5 14·21, P , 0·0001, respectively), but the interaction was not. In group III (33 to 37 d), the
difference in MHR between incubation days was
signi cant (F 5 11·79, P, , 0·0001) and GspH2O
also affected the MHR (F 5 10·60, P , 0·0001).
The results of the 2 way ANOVA indicated that
the MHR decreased signi cantly from 26 to 30 d

and from 33 to 37 d. In addition, GspH2O
signi cantly affected the MHR in groups II and
III. For groups II and III, in order to determine
which group of GspH2O (low, medium or high)
differed from the others, pairwise comparisons of
the 3 GspH2O groups were made by the Bonferroni Adjustment. For group II, the pairwise comparison of HR between low and medium GspH2O
groups was not signi cant, but the MHR of high
GspH2O group was signi cantly higher than that
of medium and low GspH2O groups. Similarly, in
group III eggs, the difference in HR between low
and medium GspH2O groups was not signi cant,
but the high GspH2O group had a signi cantly
higher MHR than medium and low GspH2O
groups.
The Bonferroni Adjustment was used to
examine the differences in developmental pattern
of MHR between low, medium and high GspH2O
groups across all age groups (that is, between the 3
developmental patterns in panels A, B and C in
Figure 3). The high GspH2O group had a
signi cantly higher HR than medium and low
GspH2O groups. The differences between the medium and the low GspH2O groups were also
signi cant.
DISCUSSION

Recording of ACG

Figure 3. The developmental patterns of MHR in 3 groups of eggs (columns
I, II and III) having low (panel A), medium (panel B) and high (panel C)
GspH2O. Individual egg values are connectedby solid lines. The 12 eggs presented
in Figure 2 are shown by open circles.

Although it is recognised that the ACG is cardiogenic and can be detected as a cyclic signal
through the eggshell pores, its mechanism of pressure changes is controversial (Rahn et al., 1990;
Wang et al., 1990). For appropriate detection, the
front surface of the microphone must be sealed
hermetically over a selected area of pores. The
amplitude of the ACG signal was dependent upon
the developmental stages of embryos and varied
between individual embryos. In some embryos of
group I, it was dif cult to detect the ACG during
the  rst days of measurement (19 to 21 d). In 2
eggs, the ACG could not be measured on 19 d of
incubation, but was detected later at the amplication of 0·2 mV/cm, depending upon the location
of the microphone on the eggshell. The ACG
signals strengthened with embryonic development
and could be measured at any site on the eggshell
at a low ampli cation in all embryos of age groups
II and III.
Although the microphone covered over a
small part of the eggshell (c. 2 cm2), we are
con dent that it did not affect adversely the gas
exchange in the whole egg. A previous report on a
catheterisation of the allantoic blood vessels of
chicken eggs, which impeded gas exchange
through an almost identical surface area, showed
that the blood gas properties (Po2, Pco2 and pH)
are not affected by partial impediment to gas
exchange (Tazawa et al., 1980; Tazawa, 1981a;
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1981b). In addition, the attachment of the microphone on the shell of chicken eggs did not adversely affect the determination of embryonic HR
(Haque et al., 1994). Chicken eggs have a much
smaller shell surface area than ostrich eggs, so we
are sure that the ACG method does not interfere
with normal development of ostrich embryos.
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Variation in heart rate
Variation in HR30 was greater in group III eggs
than in group I and II eggs (Figure 2). This implies
that up to about 75% of the incubation period, the
embryonic HR remained relatively stable for at
least 10 min, but after about 80% of incubation, it
varied from min to min. Increasing variation in
HR with embryonic development is also found in
domesticated birds (Tazawa et al., 1991; Akiyama et
al., 1997). Although embryonic activity increases
towards the end of incubation, it is not related to
HR variability (Akiyama et al., 1997). The development of HR variability in avian embryos may be
related to the development of autonomic nervous
function (Tazawa et al., 1992) and still remains to
be elucidated.
Although the MHR in group III eggs decreased with age the pattern was irregular, for
example, the MHR was occasionally higher than
that recorded on the preceding day, implying
changes over a period of hours. Although the
10-min period MHR may not always accurately
represent the mean heart rate on any given incubation day in individual embryos, particularly during the later stages, statistical analysis reveals the
underlying trends, despite considerable variation.
Longer term measurements of HR may identify
other factors in uencing the cardiac rhythm of
developing avian embryos.

Developmental patterns of MHR
Although the MHR was not determined every day
for the same individuals, developmental patterns
were evident in data from the 3 age groups, (I, II
and III). Until about 60% of the incubation period,
the MHR remained at about 185 bpm, independent of GspH2O. It then began to decrease, with
embryonic development depending upon GspH2O;
HR differed between the 3 groups with different
GspH2O. High GspH2O may be a factor maintaining a high HR, although one embryo with high
GspH2O had a HR of 170 bpm until day 35, its
MHR decreased to 114 bpm on the following day
and it died before measurement on day 37. High
GH2O had no effect on oxygen uptake of chick
embryos (Okuda and Tazawa, 1988; Ar et al.,
1991), but increased water loss from the egg, resulting in retardation of embryonic development and
high mortality (Okuda and Tazawa, 1988; Meir et
al., 1984; Meir and Ar, 1987, 1991, 1996; Ar et al.,
1996). In the ostrich, low GspH2O eggs hatched
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later than high GspH2O eggs (Ar et al., 1996).
Ostrich embryos may match their chorioallantoic
blood  ow to their shell GH2O, such that the G/Q
ratio is  xed. Ar et al. (1996) showed that ostrich
eggs with high and low GspH2O had a mortality of
21%, compared to 12% in normal (medium)
GspH2O eggs.
HR during the periods 19 to 23, 26 to 30 and
33 to 37 d of incubation was not signi cantly
different between low and medium GspH2O
groups. In chicken eggs, no correlation was found
between embryonic HR and eggshell GH2O which
was lowered by applying adhesive PVC tape on the
shell surface (Laughlin, 1978). However, in the
ostrich eggs, although the low GspH2O did not
decrease the HR relative to medium GspH2O, the
developmental pattern over all age groups became
different between the 2 GspH2O groups.
In precocial birds, HR tends to decrease towards the end of prenatal development, except for
peafowl embryos which gradually increased HR
towards external pipping. Goose embryos decreased HR with development up to about 80% of
the incubation period and then increased it towards hatching (Tazawa et al., 1991). The present
study shows that in ostrich embryos HR decreases
during the last stages of development up to about
90% of incubation, as expected from the general
trend in precocial birds. However, HR during the
remaining 10%, including prepipping HR and external pipping HR, remains to be determined.
In the hatchery, the humidities of the incubators were adjusted to induce close to normal water
loss in most of the eggs, to avoid the adverse effect
of excessive water loss on the embryonic development and consequentially on the HR. However,
despite this adjustment, the HR of high GspH2O
eggs was high compared to other groups, and it is
likely that the humidity of the incubator containing
high GspH2O eggs was not appropriate for most of
the eggs. This particular aspect should be investigated.

Allometric relationship with egg mass
The mean egg mass of the 36 eggs used for the
present measurement was 1328 6 163 g. An allometric equation relating HR to egg mass has been
determined for data derived from 6 species of
domesticated precocial birds at 38°C (Tazawa
et al., 1991). The MHR predicted from the allometric equation for the mean egg mass of 1328 g was
184 bpm at 80% of incubation period. The value
was corrected to 165 bpm for an incubation temperature of 36·3°C by assuming Q10 5 2. The average HR measured in the present study for 36
embryos on d 33 and d 34 of incubation (corresponding to 80% and 83% of the incubation period, respectively) was 155 6 14 and 159 6 12 bpm,
respectively. Taking into consideration the wide
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variation in MHR late in incubation, these values
are close to the predicted (and corrected) HR.
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