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Mean heart rate (MHR) was determined during incubation and in hatchlings
cf 14 altricial avian species to investigate 1} if there is a commen
developmental pattern of heart rate in altricial embryes and 2} if heart
rate changes during incubation are correlated with changes in embryonic
growth rate. On the basis of normalized incubation MHR increased
approximately linearly in 12 of 14 species from as early as 30-40% of
incubation to that of pipped embryes. The MHR of hatchlings was equal to
or higher than that of pipped embrycs in 7 species. Passsrine embryos and
hatchlings maintained higher MHR in comparison to parrots of similar egg
mass, which may reflect phylogenetic differences in development. Embryonic
MHR increased at a higher rate while embryonic growth rates were highest
during the first 40% of incubation in tit, budgerigar and crow embryos than
during subsequent development when relative growth rates decrsased. MHR
became independent of yolk-freea wet mass at a smaller fraction of hatchling
mass in budgerigar and crow than in the tit, suggesting that MHR is more
likely to increase continucusly after 40% of incubation in small altricial
specias than larger species.

Keywords: Altricial, Ballistocardiogram, Electrocardiogram, Embryc, Growth

rate, Hatchling, Msean Heart Rate

1 INTRODUCTION

Altriciality in avian embryos is
considered to have evolved by hatching
significantly earlier in the developmental
sequence, resulting in a shortening of the
incubation period in comparison to precocial
embryos‘®**', In general, the physiological
state of the altricial hatchling is less mature
than that of the precocial hatchling from eggs
of similar mass‘®®, Comparisons  of
developmental changes in embryos across the
altricial-precocial continuum are essentially
limited to measurements of metabolism, growth
efficiency and incubation water budgets!®*®*%
12028 | rypically the metabolism of altricial
embryos increases at a slower rate and reaches
a lower maximal rate at hatching than precocial
species of similar egg mass®. These
differences likely reflect the lower costs of
maintaining the more immature tissues of the
altricial embryo during its developmentt*,
Therefore it is reascnable to predict that the
development of cardiovascular functions also
differ across the altricial-precocial
continuum.

The eggs of most altricial species are
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typically a magnitude smaller than most
precocial and semi-precocial species. To date,
the development of embryonic mean heart rate
(MHR) has ©been extensively studied in
precocial speciegfl 13673822228 Lt has
only been studied in three species of semi-
precocial seabird®™?**' and two species of
altricial bird“?** . Non-invasive embryonic MHR
measurements in small avian eggs have recently
become possible''™, and we wished to apply these
technigues to study a range of altricial
species. However, measurement of embryonic HR
during the early stages of incubation by this
non-invasive method, the ballistocardiogram
{BCG) , is not possible because of the low signal
to neise ratio. Nevertheless, several studies
of precocial embryos suggest that MHR changes
greatly over the entire incubation period. In
the chicken (Gallus domesticus) and the king
guail (Coturnix chinensis), three phases in HR
development are clearly recognizable during
incubation'**  After the heart beats for
the first time, a pericdic beat develops and
is initially low, but MHR rapidly increases
over the early phase. The data of several
studies show a second (intermediate) phase,
from about 40% of incubation, when MHR
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increases at a reduced rate in some precocial
species or is stable for a period in other
species' V1% gome of these species
decrease HR significantly at the end of the
second phase, immediately prior to internal
pipping of the aircell®™' '™, but the cause
remains unclear and in the final phase {after
85% of incubation} HR increases again. In
contrast, the HR of embryos of all three
semi-precocial species investigated so far is
stable during late incubation until pipping,
when likewise HR increases‘*®?**. Thus the
development of MHR appears tc be very variable
among precocial species during the
intermediate and final phases. Absolute growth
rates of precocial Galliform embrycs increase
exponentially from about 60% of incubation to

hatching, following the period of complete
development of the extra-smbryonic
membranes‘’®, As the described increase in

embryonic MHR of precocial embryos precedes
the significant increases inmaintenance costs
after 60% of incubation®, these observations
suggest that MHR increases independent of
embryecnic metabolism.

Alternatively, we hypothesize that the
development of MHR during incubation in both
precocial and altricial embryos is directly
related to embryonic growth rate, and that
phase changes in MHR are correlated with a
reduction in growth rate during incubation.
Therefore cur primary aim was to investigate
the develcpmental patterns of HR in 14 species
of altricial embryes. Using the
ballistocardiogram method!®' ™ *%** we pnon-
invasively investigated in experiment I the
development of MHR in embryos during the last
60% of incubation in 10 passerine and 2 parrot
species, over a range of fresh egg masses
between 1-6 g. In experiment II we semi-
invasively determined the development of MHR
in 5 altricial species (egg masses 1.5-21 g}
throughout incubation, and its relationships
with embryonic growth. We used an
electrocardiogram {ECG) method in experiment
II to determine MHR, since this method can
detect the cardiogenic signals of the earliest
embryos. The development patterns of MHR in
these altricial species were then compared
with available data from precocial species®
%) on the basis of normalized incubation
time.

2 MATERIALS AND METHODS

2.1 Experiment I

Eggs from the following passerine species
were collected under permit from the Japanese
Department of Environment during March-Rugust
cf 19%7 and March-May of 1998, from the
surrounds of Muroran and Noboribetsu Cities;
great tit (Parus major), marsh tit (Parus
palustris), wvaried tit (Parus varius),
Japanese tree sparrow (Passer montanus), house
martin (Delichon urbica), Japanese bunting
(Emberiza spodocephala), red-cheeked myna

10

{Sturnus philippensis}, and Dbrown-eared
bulbul (Hypsipetes amaurotis). Eggs of
domesticated altricial species, of known
incubation age, were obtained from adult

breedingbirds, which were kept in a laboratory.
This included two parrot species, the
budgerigar (Melopsittacus undulatus) and the
cockatiel (Nymphicus hollandicus), and two
passerine species, the zebra finch
{Taeniopygia guttata) and the Bengalese finch
{(Lonchura striata wvax. domestica}. Eggs of
wild species were brought to the laboratory and
incubated together with that of domesticated
species in a small still air incubator (Zenkei
table top model 40, Japan) at 38 °C (£ 0.2 °C).
Relative humidity was controlled by vents so
that eggs achieved approximately 15% mass loss
during incubation {RH 55-65%). All HR
measurements were made in a larger still-air
incubator (Sakura IF-B3, Tokyo) at 38 °C (£ 0.2
°C). During incubation eggs were turned 180° by
hand every two hours between 08:30 and 18:30
until hatching.

2.2 Experiment IT

MHR was determined for embryos of the great
and marsh tits, budgerigar, and the carrion and
jungle crows (Passeriformes, Corvus corone and
C. macrorhynchos). Budgerigar edqgs were
measured for fresh eqg mass on the day of lay,
numbered for identification and then returned
to the nest for parental incubation until the
desired incubation day when the eggs were
collected again for HR measurements. In
contrast, tit and crow nests in the city of
Murcran, Hokkaide, Japan, were monitored
{inspections every 2-3 days) to determine
laying dates and the commencement of
incubation. Eggs were then collected and
incubated in an artificial incubator
maintained at 36 °C for crow eggs and 38 °C for
tit eggs. Tit and crow eggs were turned until
the day of final HR measurements, after which
embryos were sacrificed to determine embryo
mass. Typically, 4-5 eqggs from each tit clutch
(cilutch range 7-12 eggs) were collected on a
desired incubation day and measured the same
day. As fewer crow and budgerigar eggs were
available for experiment II several embryos of
these species were measured for HR over several
consecutive days to confirm the developmental
patterns of individual embryos before being
sacrificed after the final measurement. A
limited number of hatchlings from eggs used in
experiment I were measured for MHR and then
sacrificed to determine yolk-free wet mass (n
= 5 and 4 for tits and crows, respectively).

2.3 Heart rate measurement

2.3.1 Ballistocardiocgram of embryos in
experiment I. An egg was placed on a ceramic
plate, which was supported on a floating
platform within the experimental incubator.
The stylus of an audiocartridge was brought
into contact with the surface of the egg and
the ballistocardiogram (BCG) was measured to
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determine MHR ({defined here as MHRp,) as
described in previous studies of this
laboratory*'¢**!  MHR,. was then caleculated

using Burg’s algorithm {power spectrum of each
5-s HR interval) according to Pearson et al.™
and averaged over all 5-s HRs for each 10-min
period for all embryos of that species on each
day of incubation. Only one embryc was placed
in the experimental incubator and measured at
a time, so measurements were made sequentially
on each embryo after a 45-min temperature
equilibration period. Thus each embryo
required a total of 55 min. The equilibrium
period was necessary not only to compensate for
cooling of the egg and incubator, but also was
considered to reduce the possible effects of
recent handling of each egg. Measurements were
completely non-invasive, and were made each
day of incubation until hatching.

2.3.2 Electrocardiogram of embryos in
experiment ITI. Three 30 mm long copper wires
(0.1 mn D) were used as ECG leads. Each wire
was bent at right angles 2-4 mm from one end
{length dependent on size of egg), which was
inserted into a hole made on the upper surface
of the egg by carefully puncturing the eggshell
and shell membranes with a 25-gauge hypodermic
needle sterilized in alcochol. The three
electrodes were inserted teo form an
equilateral triangle with sides 10 mm long in
the tit and budgerigar and 25 mm long in the
crow. EpoXy glue was used to seal the holes and
fix the electrodes in place with minimal
reduction of the diffusive surface area of the
egg. Prepared eggs were rewarmed in the small
incubator until the epoxy hardened {1 h) before
transfer to the measurement incubator. The
electrical signal was amplified, band-pass

Table 1. Mean fresh egg masses (M) and sample sizes
and hatchling mean heart rate in experiment I.

identify each species in figures 1-2.

filtered before being digitized and recorded
on a personal computer. Bandpass filter
frequencies varied with both embryonic age and
the quality of the signal. Embryos during the
first 70% of incubation were usually filtered
between 2-10 Hz and more mature embryos between
30-120 Hz. BCG signals were recorded for 30-min
periods for each embryo after allowing eggs to
reach thermal equilibrium (45 min). Digitized
signals were recorded on a personal computer
at a sampling frequency of 100 Hz for embryos
(< 70% of incubation). Later these signals
were30-min interval was calculated by a Fast
Fourier transform wusing the reconstructed
signals to determine the MHR of each embryo.

2.3.3 Pipped embryos and hatchlings. The MHR
of hatchlings of all species, except the crows,
were measured using a modification of a
non-invasive method'®™™* **¥ a5 described in
Pearson et al." for king gquail. Individual
hatchlings were placed in a resting position
on a piezo-electric film within a glass petri
dish inside the same incubator as used for
embryonic measurements. The film signal was
then amplified, filtered {5-24 Hz) and sampled
as for the BCG measurements of embryos. The
large pipped embryos and hatchlings of crows
were measured by ECG as the QRS complex were
more easily recognizable above background and
external noises. In this case, instantaneous
HR was determined from the time interval
between consecutive R waves using a threshold
method and a sampling frequency of 4000 Hz.
Non-invasive, flexible Ag/AgCl gel ECG
electrodes (Vitrode AS50, Nihon-Kohden) were
used for crow hatchlings as described for quail
and chickens"’ . ECG signals from pipped
embryos and crow hatchlings were amplified

(1} of avian species used to determine embryonic
Numeral ID indicates a unique number used to

Species Numeral iD n Mean M (g)
Zebra finch Taeniopygia guttata 1 5 .97
Bengalese finch Lonchura striata var. domestica 2 5 I1.1¢
Tit species combined, 3 Parus spp. 3 21 ) 1.55
Tree sparrow Passer mentanus 4 11 2.0%
House martin Delichon urbica 5 5 2.25
Japanese bunting Emberiza spodocephala 6 2 2.60
Red~cheeked myna Sturnus philippensis 7 2 4.14
Brown-eared bulbul_Hypsipetes amaurotis 8 3 6.40
Budgerigar Melopsittacus undulatus 9 13 2.20
Cockatiel Nymphicus hollandicus 10 7 5.10
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and filtered between 50-150 Hz and the MHR
determined by averaging the instantanecus ERs
over 30-min intervals.

2.4 Embryonic growth and statistics

Eggs from experiment II were opened after
HR measurements, socn after cooling the eggs
to 10 °C. Embryos were removed, blotted dry with
tissue paper, excepting embryos younger than
30% of the incubation period, which were toco
fragile to be directly blotted with tissue
paper. Embryos were then weighed to ¢.1 mg on
an electronic balance {AND model ER-180R}.
Internal yolk reserves were removed from
externally pipped embryos and hatchlings and
therefore only yelk-free embryo mass {(denoted
as M, {g)) was included in analyses.

Linear regressions between variables
(log-log or semi-log) were fitted by the method
of least squares using SYSTAT®! or by a
personal program after Yeager and Ultsch®® to
determine biphasic linear regressions as
appropriate. A coefficient of determination
(r’) is presented for significant relationms.
Fresh egqg mass was not known for eggs of some
species, collected during mid- or late-
incubation, but was estimated from egg length
(L) and maximum width (W) at the equator of the
egg according to the following relation, fresh
eggmass = a(LW)’ + b, where a and b are constants
determined for each species by linear
regressions fitted to data of eggs of known
fresh egg mass.

3 RESULTS

3.1 Experiment I

The embryonic MHRg; of 12 altricial species
(fresh eggmass range 0.97~-6.40 g) is presented
in relation to normalized incubation time
(percentage of total incubation) in figure 1.
Mean fresh egg mass was significantly
different between tit species (mean egg mass:
P. major 1.5%9 g (n = 12), P. palustris 1.39 g
{6), P. varius 1.68 g {3), ANOVA F;,,= 7.211
P < 0.005). However, the developmental
patterns of MHRg, were combined and averaged
for the three tit species examined. Embryos of
the Japanese bunting, red-cheeked myna and
brown-eared bulbul were already well developed
{55-70% of incubation) when the eggs were
collected and first measured. In contrast, the
eggs of the other species were collected in
early incubation stages and so the first MHRg,
measurements in figure 1 represent the age when
HR signalswere first detectable by this method.
The 100% value indicates the MHR of hatchlings
{determined by piezo-electric £ilm) for all 12
species. In all species there was a trend for
MHR,.; to increase continuously with incubatjion
time, except for cockatiel embryos, which
decreased MHRz, until pipping. Furthermore,
MHR,.; increased at a higher rate after 80-95%
of incubation than during the period before in
all species, including the cockatiel. In
general MHR., increased with decreasing fresh
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egg mass, when compared between species at any
given point during incubation prior to
internal pipping (90-95% of incubatiocn), but
was more variable in level of MHR,. between
species after internal pipping. Embryonic
MHRg.; was maximal at 90-95% of incubation,
ranging between 370-450 bpm, but was only
higher than that of resting hatchlings in 5 of
the 12 species, including the three tit species
(Fig. 1}.

In figure 2 the developmental patterns of
embrycnic MHRy; in two paired-comparisons of
parrots and passerines are illustrated for
species with similar fresh egg masses. In
common to both cases the parrot and passerine
species increased MHRy, most during the final
pipping phase {(85-100% of incubation) . However,
MHR;.; continued to increase in the tree sparrow
and brown-eared bulbul embryos during mid-
incubation, whereas MHRy, changed little in
budgerigar and decreased in cockatiel embryos
during mid-incubation. At any one time during
incubation the passerines maintained higher
MHR;; than the parrots.

500-

400-

300-

500

Mean Heart Rate (bpm)

400

300
, ]

30

40 50 60 70 80 90 100
Percent Incubation Time

Fig. 1. Embryonic mean heart rate (bpm) of 12
altricial avian spscies during normalized incubation
{percent of total incubation) determined by
ballistocardiogram. Final point indicates the MHR of
hatchlings. Numerals indicate species as listed in
Table 1.
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Fig. 2. Comparison of the development of mean heart
rate (bpm) in relation to incubation day (2A) and
normalized incubation (B) for passerine-parrot
species pairs of fresh egg mass 2 g, Japanese sparrow
(line 4) and budgerigar (9), and 5-6 g, brown-eared
bulbul (8) and cockatiel (10).

3.2 Experiment I

Figure 3 illustrates the MHR., of
individual tit, budgerigar and crow embryos
and hatchlings in relation to incubation day.
Five clutches of great tit and one clutch of
marsh tit eggs were collected (mean fresh egg
mass = 1.5]1 * 0.09 g SD, n = 34} and MHR was
determined from day 3 of incubation up until
hatching and fcr 5 hatchlings {(Fig. 3A). MHR
of tits determined by ECG was similar to that
determined by BCG, and in both experiments MHR
increased continucusly with incubation age
from 170 bpm te 400 bpm. Budgerigar eggs were
collected for ECGmeasurements from successive
clutches of two females only (mean fresh egg
mass = 2.18 * 0.14 g Sb, n = 20). Embryonic
budgerigar MHR;,; increased continuously
betweend and 8 days of incubation from 170 bpm
to 230-340 bpm (Fig. 3B}. From day 8 both MHR, .
and MHR,,; were stable, but variahle between
individual embryos, at an average of 310 bpm
until day 16, one day prior to internal pipping.
Eggs fromone jungle and 6 carrion crowclutches
were used for ECG measurements (mean fresh eqg
mass = 20.84 * 1.56 g 5D, n = 20). The three
jungle crow eggs were pipped (day 19} at the
time of ceollection and were measured from the
same day until hatching, after which they were
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Fig. 3. Mean heart rate (bpm) of embrycs and

hatchlings of tits (A), budgerigars (B} and crows ()
in relation to incubation age (d). Solid lines
indicate the daily mean heart rate in tits and
budgerigars determined by ballistocardiogram for
embryos and by piezo-electric film for hatchlings (A
& B; as in Fig. 1). Open circles: MHR determined by
ECG of embryos sacrificed for mass determinations (A:
tits n = 29; B: budgerigars n = 18; C: crows n = 12
filled circiest MHR determined by ECG for some of the
as the open circles before being
MHR determined by ECG of
5; € 4y.

same embryos
sacrificed; asterisks:
hatehlings (A: tits n = crows n =
sacrificed together with one carrion crow
hatchling to determine M. Crow embryonic
MHR;;; development (both species combined) was
similar in pattern to that of budgerigar
embrycs. MHR., increased to 8-% days in crows,
and then changed little during the remainder
of incubation at 270-300 bpm, except during
pipping when MHR;., increased to 330-360 bpm,
but decreased again after hatching to about 300
bpm (Fig. 3C).

The MHR.,; of embryos is presented in
relation to increasing M,, of embryos and
hatchlings in figure 4. In the case of the
budgerigar, hatchling M,; was not measured, but
calculated to be 1.22 g from the average mass
of 7hatchlings (experiment I') minug ¢.08 g yolk,
assuming yolk is 6% of egg mass'”’. The MHR,.
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Fig. 4. Relationships between the logarithm of mean
heart rate (bpm) and yolk-free wet mass (g) in tits
{circles),  Dbudgerigar (diamonds), and crows
(squares). Individual embryos and hatchlings same as
ip Figure 3. Lines indicate significant biphasic
linear regressions {F < 0.05} listed in Table 2,
except where noted by ns, which indicates a non-
significant regression (regression slope n.s. from
zerc}. Crossed-diamond: MHR of budgerigar hatchlings
based on estimated M,

relationship with embryo mass clearly showed
two phases in all species tested. During the
early phase MHR;, was directly related to Mye,
but was independent of M,, in the budgerigar
above 0.16 g, and 0.3 g in the crow, but MHR,
did not become independent of M, in tit embryos
until 0.8 g. Thus the phase change of these
relations with MHR., in tit, budgerigar and
crow embryos was reached at 80%, 13% and 2% of
their respective hatchling M. The slope of
regressions (log-log) fitted to MHR., on M,
relations during +the first phase of
development was significantly higher in the

tits and budgerigar than the crows {Table 2).
However, there was significant overlap in the
95% confidence intervals of the regression
slopes between the tits and budgerigar. On the
basis of normalized incubation time the phase
change in MHR,., occurred at about 38-40% of
incubation in the species tested (Fig. 5 and
Table 3). The logarithm of embryo M, increased
approximately linearly with normalized
incubation time at a higher rate during the
first 45-50% of incubation than during the
subsequent period (Fig. 6).

4 DISCUSSION

4.1 Developmental patterns of heart rate in
altricial embrycs

In this study we were able to measure the
mean heart rate (MHR)} of altricial avian
embryos and their hatchlings non-invasively,
across a range of egqgmasses, 0.97-6.40 9. Using
the ballistocardiogram method we have
determined the developmental patterns of MHR
from as early as 30-40% of incubation. However,
cardiac contractions are not sufficiently
strong to be discerned from the noise in the
signals in the period before our first
measurements by the BCG method. The patterns
iliustrated in figure 1 on the basis of
normalized incubation period and two previocus
studies of altricial species™® indicate that
there is some diversity in developmental
patterns., ARll the species examined show that
MHR increases in two phases after 40% of
incubation. In common to these developmental
patterns was a final phase of rapid MHR
increases after 85-3%5% of incubation, when
embryoc activities increase in associationwith
the pipping of the shell membranes and hatching.
However, the development of MHR is most
variable between altricial species in the
intermediate phase, 40-85% of incubation. The
results presented here alsgo indicate that
phylogenetic constraints probably influence
MHR developmental patterns. The MHR of

Table 2. Relationships between mean heart rate (MHR, bpm) and yolk-free embryo mass (M, g).
Regression equations (log MHR = a + b log M,;) indicate significant biphasic relations (P < 0.05)
determined by the method of Yeager and Ultsch {1989). Otherwise regression slope n.s. from zero.
Phases I and II indicate regressions below and above the inflection point, respectively.

Inflection point

Species M, 9) Log a b % SE r?
Tit 0.80 I: 2.601 0.124 £ 0,009 0.887
II: n.s.
Budgerigar 0.16 T: 2.641 0.179 = ¢.016 0.965
IX: n.s.
Crow 0.30 Is 2.434 0.113 £ 0,010 0.977
II: 2.406 C.040 * 0.040 0.807
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Table 3. Relationships between mean heart rate (MHR, bpm) and normalized incubation time (I, %).

Regression equaticns (log MHR

a + b'I} indicate significant biphasic relations (P < 0.053)

determined by the method of Yeager and Ultsch (1989). Phases I and II indicate regressions below

and above the inflection point, respectively.

Inflection point

Species Log a b x SE bl
P (I, %) d
Tit 40 I: 2.240 ©0.0064 + 0.0016 0.719
IT: 2.439 0.0017 = 0.0002 0.797
Budgerigar a3 I: 2.124 00,0080 % 0.00C20 0.703
II: 2.456 0.0007 * 0.0004 0.358
Crow 38 I: 2.014 0.0100 #* 0.0030 0.780
IT: 2.374 90,0008 = 0.0003 0.582
passerine embryos increases to higher levels 500 S —
throughout the incubation period than that of . l
parrots of similar fresh egg mass, and do so G
within significantly shorter incubation 400 |- _@,@- b
pericds (Fig. 2). The low growth rates — 3 e o ®
{embryonic and posthatching) and low metabolic i G _:_}_@_-..5 ------- o o
intensities of parrot embryos are correlated ) 300 ,;;*‘*’ ¢ 0 7]
with developmental times that are \; g' * [P E— o PR H
significantly Longer than that of passerines‘™ = %ﬁ'«" =7 = 1
7! Thus the lower metabolic demands of parrot e g 3V
embryos at any one time are correlated with the = 200 ,:; }3 \ _
only developmental patterns that exhibited ~ Q_,:'Cf
gtable MHR or significant decreases in MER in é o
the case of the cockatiel, during the -
intermediate phase of incubation. =
ECG measurements confirm that in fact the <
develcopment of MHR is best described by three E
phases (early, intermediate and final) in 100 R T
relation to incubation time in altricial 0 50 100

species over the whole incubation period (Fig.
3). After the embryonic heart beats for the
first time and becomes periodic MHR increases
according to significant multiphase linear
relations with respect to normalized
incubation. During the early phase, 20-40% of
incubation, MHR increases at a higher rate than
during the intermediate phase, 40-85% of
incubation (Fig. 5). A similar phase change at
about 40% of incubation can be demonstrated in
the MHR of precocial chicken and king quail
embryos‘™****! Therefore we suggest that there
may not be significant differences in the
development of MHR in altricial and precocial
embryes during early development based on this
limited data. However, MHR in altricial species
in general increases continuously during the
intermediate phase and shows larger increases
still during the final (pipping) phase. In
contrast, the developmental rates of MHR in
precocial species are more variable in pattern
{positive and/or negative changes) and the
extent of absolute increases during both the
intermediate and final phases of incubation™®
%1 Much of the differences in developmental
patterns of avian embryos may relate to fresh

Normalized Incubation

Fig. 5. Relationships between the lecgarithm of mean
heart rate {(bpm) and normalized incubation time (%)
in tits {circles), budgerigar (diamonds}, and crows
(squares). Lines indicate significant biphasic linear
regressions listed in Table 3, Arrow: indicates one
cutlier excluded from analysis of budgerigar data;
crossed-diamond: MHKR of budgerigar hatchlings based
on estimated M.

egg mass'®, but Ffurther investigations of
larger altricial and semi-altricial species
are required to determine the points of
commonrality and differences in relation to
developmental mode of birds.

4.2 Relations between heart rate and embryonic
growth

Relative growth rates of embryos are
highest during the first 40% of incubation in
both the precocial Japanese gquail (Coturnix
coturnix) and-a variety of altricial species®!,
Similarly, the rate of increase in embryonic
M, of altricial tits, budgerigar and crows
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Fig. 6. Relationships between the logarithm of
yelk-free wet mass (g) and normaiized incubation time
(%) in tits (eircles), budgerigar (diamonds), and
crows (squares).
decreases after 45-50% of normalized

incubation (Fig. 6). The development of MHR in
the same altricial species increases at a
higher rate during the early phase and then the
rate of increase decreases after a phase change
at about 40% of normalized incubation (Fig. 5).
In contrast, the relationships between MHR and
embryo wet mass appear more complex. In common
to the species investigated in experiment II,
MHR increases in direct proportion to embrye
wet mass during the early phase of incubation
{20-40%) (Fig. 4). However, MER is independent
of embryo M,, in budgerigar and crow embryos
after the wearly phase (i.e. 40-50% of
incubation), coincident with the decrease in
embryo growth rates and MHR only increases
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