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Effects of Simulated Sonic Booms on the Hatchability of
White Leghorn Chicken Eggs

1.0 INTRODUCTION

In 1969, Austin et al. (1970a) presented a paper at the International Ornithological
Congress (IOC) in which they suggested that sonic booms could have caused a mass hatching
failure of Sooty Terns (Sterna fuscata) on the Dry Tortugas, Florida. Although the evidence
admittedly was circumstantial, the abstract of this presentation has become the most commonly-
quoted evidence that sonic booms can harm wildlife. It is referenced in reviewed publications
(Bell, 1972; Feare, 1976; Cottereau, 1978; Haynes, 1987), popular articles (Graham, 1979;
Anonymous, 1969; Shotton, 1982), government-sponsored studies (Hinshaw et al., 1970;
Subcommittee on Animal Response, 1970; Fletcher and Harvey, 1971; Bender, 1977; Hurtubise
et al., 1978; Manuwal, 1978; Hecock and Rhoads, 1979; Dufour, 1980; Ellis, 1981; Kull and
Fisher, 1986; Manci et al., 1988), and many Environmental Impact Statements (EIS).

Austin et al. (1970b) outlined their case in a well-documented manuscript. When
observers arrived in April and May of 1969 to count nests and eggs, they found normal numbers
of ground-nesting Sooty Terns (originally estimated at 50,000 pairs, now known to be 25,000-
40,000 pairs) and bush-nesting Brown Noddies (Anous stolidus; 2,500 pairs) breeding on the Dry
Tortugas. Nests appeared to have normal clutches of eggs. On 23-27 May other observers found
fewer chicks than expected, but adults appeared to be incubating normally. However, when
Austin et al. arrived in mid-June to count and band fledglings, they found half the adult Sooty
Terns gone and the remaining ones "markedly wild and restless." Many eggs containing partially
developed embryos were abandoned. The authors banded only 242 fledglings instead of the
expected 10,000-15,000. This failure was particularly startling because the Brown Noddies,

nesting in bushes in the same area, fledged normal numbers of young.




To explain the cause of the failure, Austin et al. considered and rejected many possible
natural causes of mortality, including predators, food shortages, pesticides, humans walking in
the colony, and abnormal weather conditions. An unusually heavy growth of herbaceous

vegetation might also have been a contributing factor.

In addition to these natural explanations, the authors discovered that personnel of Fort
Jefferson National Monument on neighboring Garden Key had been disturbed by sonic booms
intense enough to shatter windows during their absence. Although sonic booms were a common

occurrence on the Dry Tortugas at that time, unusually intense booms were heard on 4, 8, 9, and

11 May.

In the published abstract, Austin et al. (1970a) were careful to state "we have no evidence
that sonic booms caused physical damage to the eggs, but it is entirely possible that strong booms
caused desertion." However, in their presentation and manuscript (Austin et al., 1970b) they
observed that physical damage by sonic booms could have caused the losses because many of
the failed eggs had longitudinal hairline cracks and because the timing of the overflights agreed
well with the stage of development of the failed eggs. They speculated that military jets flying
at supersonic speeds had caused the damage. These observations and speculations were the
source material for a number of popular articles written shortly after the conference (e.g.,

Anonymous, 1969; Graham, 1969) and later analyses of the incident (Bell, 1972; Dufour, 1980).

After discovering the hatching failure, the Park Service asked the Navy to avoid flying
over the Dry Tortugas and also arranged to have the vegetation cleared. The hatch the following

year (1970) was normal, and no similar incident has occurred since (G. Woolfenden, pers.

comm.).

The most compelling evidence cited by Austin et al. was the coincidence between the
sonic booms and the egg failures. They explained the differenice in success between the Brown

Noddies and Sooty Terns by noting that incident and reflected sound waves double the sound
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pressure at ground level (an increase of 6 dB). Since the Brown Noddies nest in brush and since
they sit on their eggs instead of standing and shading them, their eggs would not have been

exposed to the highest sound levels.

Extensive laboratory studies were conducted after the incident to determine whether sonic
booms could ‘affect hatchability (Heinemann and LeBrocq, 1965; Cottereau, 1978; Teer and
Truett, 1973; Cogger and Zegarra, 1980). These studies failed to find evidence of structural
failure of eggs and calculations made by aeronautics engineers at the time indicated that the sonic
booms from low-flying aircraft have insufficient magnitude to damage eggs (letter to Col. J. P.

Taylor from Boeing Co., 5 November 1970).

These studies and theoretical calculations were never published in a reviewed journal.
While Cottereau (1972) exposed eggs to very intense sonic booms (20 psf), he did not conduct
statistical tests to determine whether subtle differences in hatchability or egg development could
be detected. None of the authors tested the possibility that high frequency impulses, that is
impulses with energy closer to the resonance frequency of a small form like an egg, could cause
structural damage. Therefore, Bowles et al. (1991) used explosive pest-control devices to expose
infertile and fertile chicken eggs to high-intensity impulses with significant energy at high
frequencies (500-1,000 Hz). These tests failed to find any evidence of structural failure or

cracking.

These experiments demonstrated that eggs are unlikely to crack after exposure to high-
intensity impulses, regardless of frequency. They also demonstrated that chick weight and
development did not differ significantly after hatching (Cogger and Zegarra, 1980; Keller, 1971).
However, these experiments either failed to expose eggs to the most intense sonic booms or
failed to conduct statistical tests that demonstrated the validity of the finding that hatchability was
unaffected. Additionally, they did not measure the resonance frequencies of the eggs, which
would have given a good indication of the potential for damage from sonic booms. Therefore,

another series of experiments was planned to determine whether very high-amplitude simulated




sonic booms of long duration could affect the development of eggs and to measure resonance

frequencies. This experiment is reported below.




20 METHODS

Chicken eggs were used in these experiments for ease of handling and to make the results
of the experiments easier to compare with previous studies. These eggs are somewhat larger than
Sooty Tern eggs with twice the volume (typical length 51 mm, width 36 mm, volume 35.23 cm’
vs. length 57 mm, width 42 mm, and volume 53.59 cm? Whittow, 1985; Romanoff and
Romanoff, 1972). Because a larger body is likely to resonate at lower frequencies, chicken eggs

would have a somewhat greater tendency to resonate when exposed to sonic booms than Sooty

Tern eggs.

2.1 Handling and Exposure of Eggs

Two-hundred and fifty-two fertilized white leghorn chicken eggs were used in these
experiments. Test eggs were purchased from two commercial growers in the San Fernando
Valley near BBN Systems and Technologies, the site of the Sonic Boom Test Facility (SBTF).
They were transported by road from the growers to BBN within two days of laying. To prevent
cracking and to reduce vibration during transport, they were placed in 5-gallon buckets filled with
goose down. At the test site, they were separated into four different groups. This was
accomplished by giving each egg a number at the time it was drawn from a bucket, and then
drawing numbers at random to assign eggs to the four groups. Eggs were weighed, measured,
and candled with a low-power candling device; flawed and cracked eggs were discarded. The
remaining eggs were set within 24 hours of purchase in a G.Q.F. Sportsman self-turning

incubator (Model 1202). This was defined as Day 0 of incubation.

On Day 2, eggs were first exposed to simulated sonic booms; thereafter, they were
exposed daily until Day 19. At weekly intervals during this period, the eggs were weighed and
the diameter of the airspace was measured with calipers. Eggs were also candled twice daily,
immediately before and after exposure. The percentage of vascularization and condition of the

egg was recorded every day. Room temperatures averaged around 20°C and no egg was outside




the incubator for more than two hours per day. Eggs began to pip the afternoon of Day 18.
Once pipped, they were transferred to a G.Q.F. hatcher/brooder (Model 1250).

In the incubator, eggs were separated into groups on four trays. The trays were turned
constantly with an automatic turner and were rotated horizontally each day to insure that minor
variations in temperature and humidity within the incubator did not bias results. The incubator
was checked 3-4 times per day to insure that temperature and humidity were constant. After the
embryos penetrated the chorionic membrane (pip), eggs were prepared for hatching by

transferring them to the hatcher/brooder.

Dry bulb incubation temperature was held at 99.5°F and wet bulb temperature (humidity)
was held at 82°F throughout incubation. After pipping, the eggs were placed on their sides in
the hatchette trays with the small end slightly lower than the large end. A second tray of water
was placed in the hatcher to increase wet bulb temperature to 89°F to ensure proper humidity
during hatching. As chicks hatched and dried off, they were removed from the brooder and

placed into pens by group.

The chicks were observed and videotaped for 3-4 days to insure that they were developing
normally. Observers looked for chicks that had difficulty orienting on and pecking at food items,
lameness, a tendency to walk in circles, or other signs of gross abnormalities in orientation,
locomotion or balance. The chicks were also tested with a loud impulse (a pair of metal pipes
struck together) to determine whether they had an acoustic startle response. This test would not
have been adequate to determine whether chicks had partial hearing loss. They were fed

commercial starter mash ad libitum during this period.

During the 19-day exposure period, Groups A, B, and D were exposed to ten simulated
sonic booms/day. Group C was handled exactly the same way as the exposed groups, but
without the simulated booms. The three test groups were exposed to ten booms spaced ten

seconds apart. Group A was exposed to 3-psf sonic booms (144 Pa), Group B to 20-psf sonic
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booms (957 Pa), and Group D to 30-psf sonic booms (1,436 Pa). Each day all four groups were
placed on wooden trays (36 eggs/tray), and then placed in the test compartment of the SBTF
(Figure 1). Each egg was placed in a separate compartment on a layer of sand to simulate the

substrate on which Sooty Tern eggs were exposed on the Dry Tortugas.

Twenty-four chickén eggs were set aside to determine the vibration frequency of eggs.
The eggs were labeled and placed on the bottom shelf of the incubator, and were turned by hand
twice daily. They were divided into three groups of eight and each group was tested at weekly
intervals (Day 0, Day 7, and Day 14). Test eggs were glued to a mechanical vibration platform

for testing and were destroyed immediately after each test.

2.2  Description of Exposures

In its standard configuration, the BBN Sonic Boom Test Facility (SBTF) could not
generate the 30-psf test pressures called for by the test plan, nor was the facility designed to
safely or efficiently handle large numbers of eggs. To solve these problems, a specially-designed
test fixture was constructed to provide the necessary overpressures as well as a convenient
method for inserting test specimens. Figure 1 shows a general view of the test fixture, which
consisted of a central pressure chamber connected .to two opposed SBTF drivers. This
arrangement allowed N-waves of up to 30 psf to be generated. The two removable egg trays
rested in internal runners that in turn served as sidewall stiffeners for the pressure chamber.
A maximum of 72 eggs could be tested at a time with the fixture. The test fixture was housed

inside the SBTF, and all tests were done with the SBTF sealed.

The standard SBTF data acquisition system (DAS) was used to collect measurement data
during the egg hatchability experiment. As shown schematically in Figure 2, the DAS is based
on a DEC VAXstation-II/GPX workstation, with DEC 12-bit D/A and A/D converters used to
generate and digitize all test signals. A test facility technician interactively set up, started and

monitored each test session for the egg hatchability tests.




Figure 1: Photograph of the setup in the Sonic Boom Test Facility used to expose the test
eggs.

All elements of the SBTF data acquisition system were calibrated prior to the testing.
During the egg hatchability experiment, ten test parameters were monitored, including test

pressure, temperature, relative humidity, and parameters related to SBTF performance.

All signals sent to the SBTF power amplifiers were passed through a 100-Hz, 8th-order
Butterworth low-pass filter to protect the loudspeaker modules. All sonic boom waveforms
employed during the tests included a 100-ms delay, allowing the A/D system to collect 100 ms

of data before the onset of the simulated boom.
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Figure 2: Schematic of the setup used to generate simulated sonic booms in the Sonic Boom
Test Facility.

Throughout the experiment, the A/D converter was configured to synchronously sample
the data channels at a rate of 1,000 samples/second, collecting a total of 3 seconds per simulated
boom. This sample rate was selected to provide adequate temporal definition of the pressure
waveform, necessary to estimate pressure maxima and minima. An anti-aliasing cutoff frequency

of 250 Hz was used for all data channels. All A/D data were stored to disk for further analysis.

2.2.1 Instrumentation Calibration

Instrumentation calibration was performed by separately calibrating the three major
elements of the DAS: transducers, signal conditioning electronics, and the A/D converter. Sound

pressure measurements were made using Briiel & Kjer (B&K) condenser microphones, with




B&K preamplifiers and power supplies. All microphones were calibrated using NIST-traceable
transfer standards prior to testing. Thermocouples (for temperature measurements) and relative
humidity sensors were used directly, relying on manufacturer-supplied calibration information.

Because these were treated as non-critical test parameters, no independent calibration of

temperature or humidity sensors was performed.

All anti-aliasing filters and signal preamplifiers were checked for correct operation, and
to verify that gain, input offset, and noise levels were within acceptable limits. All checks and

adjustments were done using precision digital multimeters with current, factory-maintained

calibration.

The A/D converter includes a precision voltage reference chip, and is self-calibrating in
normal use. An independent check of the A/D converter was made prior to testing by applying
a calibrated external voltage source and examining the A/D converter output. This check showed
the A/D to be within manufacturer-specified limits. As a final step, end-to-end calibration checks

of the microphones were made using NIST-traceable pistonphone calibrators.

2.2.2 Sonic Boom Waveforms

The sonic booms selected for these experiments were intended to simulate (1) exposures
that birds might normally experience in rookeries overflown by supersonic aircraft, and (2) worst-
case scenarios, where rookeries might be overflown at low altitudes (< 1,000 ft) and at supersonic
speeds, within visual range of birds. Tables 1, 2 and 3 show the peak overpressures and sound
pressure levels (in dB CSEL) of such sonic booms. These booms would be perceptible to birds
within the carpet width of the boom, which is defined by the lateral cutoff distance on either side
of the aircraft, measured perpendicularly to the trackline. Beyond this cutoff point, the sound
still might be perceptible as a rumble but not as a sonic boom. All of these data presume aircraft

flying over the ground at mean sea level (MSL).
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Table 1: Estimated altitude of an F-4E aircraft at Mach 1.1 that would produce
approximately the sonic boom overpressures tested in these experiments.
Aircraft Altitude Peak Level Duration Carpet Width
(ft above MSL) Overpressure (dB CSEL) (ms) (2*Lateral Cutoff,
(psh in ft)
17,000 34 112 139 50,374
1,500 215 128 69 21,710
825 30 132 59 14,682
Table 2: Sonic boom overpressure vs. lateral distance for an F-4 aircraft at Mach 1.1 and

825 ft altitude MSL (a worst-case scenario, in which aircraft would be visible to

nesting birds).

(Lateral Cutoff Distance)

Lateral Distance From Trackline Peak Overpressure Level
() (psf) (@B CSEL)
0 30 132
1,000 22 129
7,000 23 109
7431 2.1 108

Table 3: Sonic boom overpressure vs. lateral distance for an F-4E aircraft at Mach 1.1 and
19,000 ft altitude MSL (at this altitude, the aircraft would be invisible to nesting
birds).

Lateral Distance From Trackline Peak Overpressure Level
(ft) (pshH) (dB CSEL)
0] 30 111
5,000 3.0 111
10,000 2.8 110
20,000 0.8 100
23,417 0.8 99
(Lateral Cutoff Distance)
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Part of the calibration was to compute "corrected” sonic boom waveforms for the actual
tests. The input waveform to the SBTF amplifiers was modified from the idealized N-wave in
order to compensate for the transfer function of the full test system. The objective was to apply
a waveform that would, after going through the full electro-mechanical system represented by
the driver/test fixture combination, result in the ideal pressure time history. This was achieved
by first applying a calibration boom using the idealized N-wave signature as the amplifier input.

The ideal N-wave and the resulting test chamber pressure were then processed by first calculating

the finite Fourier transforms:
_1rT -i2np
X () = 2, e (1) €2 it

X, (f) = -lffoT %, (t) e dt

where X,4.,,(t) and X, (t) are the input (ideal) and pressure (measured) waveforms respectively.
From these the frequency response function was computed, inverted, and multiplied by the

transform of the (ideal) N-wave, giving a frequency domain representation of the corrected signal:

K )

D R )
X

Koy (1) = 2]

Next, an inverse-FFT operation was performed to arrive at the desired time series:

o (1) = 3 [} Koy ) €71 0f

This new waveform, when applied to the amplifiers, resulted in a test chamber pressure

that closely approximated the ideal N-wave shape.
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2.3  Measurements of the Resonance Frequency of Eggs

The first modal resonance frequency of 23 chicken and 4 quail eggs was measured. The
purpose of these tests was to discover whether the resonance frequency of the eggs fell in the

range within which simulated sonic booms have significant energy.

Measurements were made by attaching each egg to a shaker table and driving it vertically
with a 0.1-g constant-acceleration sine sweep. The relative motion of the egg was monitored .
using a probe that did not actually contact the egg. The first mode (deformational) of the egg
was identified by looking for out-of-phase motion between the top and sides of the shell during
the sine sweep. This proved to be a very straightforward method, with distinct, lightly-damped

resonances found for each egg.
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3.0 RESULTS

3.1  Exposures

Table 4 summarizes the test level measurements made during the experiment. Figures 3
through 5 show typical waveforms and the frequency distribution of the sonic boom levels for
each test group. These levels were normally distributed and within 1 Pa of the desired target

level. The term ‘Target’ refers to the desired level for the simulated sonic booms.

Table 4: Levels of simulated sonic booms produced in the Sonic Boom Test Facility.
Group Target Level Target Level Actual Level Standard
(psh) (Pa) (mean in Pa) Deviation
(Pa)
A 3 144 143.5 2.2
B 20 957 958.1 5.7
D 30 1,436 1,437.7 3.8

The spectral content of a typical sonic boom at each level is shown in Figures 6
through 8. Virtually all the energy in the simulated booms was below 100 Hz, with peak

frequencies at approximately 10 Hz.

3.2  Success of Exposed Eggs

Table 5 summarizes the number of eggs set in each group, the number identified as fertile
by candling, the number pipped, the number hatched, and the number surviving from each hatch.
It also gives summary statistics on the weights and measurements of eggs in each group and

chick weights.
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Table 5: Summary of sample size, success, and morphometric characteristics of eggs and

chicks in all four test groups.

Group A B C D

Total eggs set 63 63 62 58

Total viable 60 (95%) 61 (97%) 55 (89%) 57 (98%)

(% of eggs set)

Total pipped 42 (70%) 46 (75%) 45 (82%) 49 (86%)

(% of viable eggs)

Total hatched 38 (63%) 45 (74%) 42 (76%) 46 (81%)

(% of viable eggs)

Total alive @ 38 (63%) 45 (74%) 41 (75%) 45 (79%)

48 hrs post-hatch

Mean start weight (g) 5647 57.88 57.21 57.80
(se=0.52) (se=0.52) (se=0.47) (se=0.44)

Mean weight (g) on 54.34 55.62 54.80 55.50

Day 6 (se=0.55) (se=0.52) (se=0.46) (se=0.44)

Mean weight (g) on 51.26 52.72 51.71 52.72

Day 13 (se=0.59) (se=0.50) (se=0.54) (se=0.42)

Mean length (mm) 56.84 5740 57.19 57.12
(se=0.35) (se=0.52) (se=0.24) (se=0.65)

Mean width (mm) 43.04 43.14 42.80 43.13
(se=0.35) (se=0.27) (se=0.12) (se=0.26)

Mean chick weight (g) 39.80 38.21 38.29 38.99

at hatch (se=0.64) (se=0.39) (se=0.50) (se=0.45)

3.2.1 Weights and Dimensions

Group A differed slightly from Groups B, C and D in initial weight (56.47 vs. 57.21-57.88
gm; ANOVA, F = 4.9919, df = 3,697, p <0.05; Newman-Keuls post hoc test, p <0.05), but none

of the groups differed significantly from the control group. These differences persisted
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throughout incubation (Figure 9). However, egg lengths and widths did not differ significantly
among the three groups (ANOVA on length F = 0.2974, p = 0.8272; width F = 0.3576, df =
3,239, p = 0.7837).

In the control group, weight loss was described by the relation:
weight day X = 57.62 - 0.5111 * X (se = 3.6974)

The relation was significant, explaining over 25% of the variance in egg weight (linear
regression; F = 60.452; df = 1,171; p <0.0017; R* = 0.2569). Egg lengths and widths did not
differ significantly among the three groups (ANOVA on length F = 0.2974, p = 0.8272; width
F = 0.3576, df = 3,239, p = 0.7837).

3.2.2 Fertility, Pipping Rate, and Hatchability

Of the eggs set, 89-98% were viable as measured by the presence of vasculature
(Table 5). This rate is typical of studies of this type (Appendix A) and within the normal range
for domestic White Leghorn chickens. Viability did not differ among the groups (Chi-square
Heterogeneity Test, x2 = 1.2129, p >0.05). Of the 90 eggs from Red Wing Hatchery, five were
infertile or died early in development (5.5%). Of the 156 eggs from CEBE Farms, eight were

infertile or died early in development (5.1%).

Eggs died throughout development, but the exact date of death was often difficult to
determine until the vasculature appeared obviously deteriorated during candling. Figure 9 shows
the number remaining alive against date since the start of the experiment. Losses during the first
week were difficult to detect, so most eggs lost during the first week were identified on Days
10-14. This explains the abrupt drop in losses during that period in Figure 10. Most of the rest
of the losses were hatch-related (Days 24-28). None of the eggs in any of the groups developed

cracks after exposure to the simulated sonic booms.
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Figure 9: Correlation between egg weight and day of incubation.

Pipping and hatching success of all the groups was comparable to that observed in other
studies in which eggs were handled daily (Appendix A) and were within the normal range for
commercial hatchery operations. Rates of eggs surviving differed significantly among groups,
with groups A and C differing from groups B and D. Survival rate was analyzed using a linear
trend comparison (Mantel-Cox criterion; x2 = 5.67; df = 1,245; p = 0.0173). Groups B and D
had somewhat higher survivorships, even though they received the highest exposures (20 and 30

psf). These differences corresponded to differences in egg weight throughout incubation

(Figure 9).
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Figure 10:  Number of viable eggs in Groups A-D each day of incubation.

This higher survival rate is not without precedent. Higher hatchabilities have been
observed in one other study of sonic boom effects on incubating eggs (Teer and Truett, 1973).
Figure 11 shows the change in hatchabilities relative to controls gleaned from all the studies on
sonic boom effects (Stadelman and Kosin, 1957; Teer and Truett, 1973; Cogger and Zegarra,
1980; Heinemann and LeBrocq, 1978; Keller, 1971). Although the change in hatchabilities in
any given series of trials was rarely significantly greater than the hatchability of the
corresponding control group, most trials found a slight increase in hatchability.. Out of 28 trials
in the literature, 50% should have been slightly greater and 50% should have been slightly less
by chance. The difference between this expectation and the actual difference (21 trials greater

than controls) was significant (Fisher Exact Test, one-tailed, 2 = 4.20, df = 1, p = 0.0377).
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As in most other individual studies, the hatch and pip rates of eggs in this study did not
differ significantly from the control group. In this case, the success of the control group lay
between the success rates of the least and most exposed groups. The lowest successes were
found in Group A (37% of viable eggs lost), which received 3-psf booms, and the greatest
successes in Group D (21% of eggs lost), which received 30-psf booms. The most parsimonious

explanation for differences in hatchabilities among the groups is the difference in egg weights.

The date of peak pipping was apparently delayed by one day in Groups C and D (Table 6,
Figure 12), but the date of peak hatching was comparable among all groups (Table 7, Figure 13).
Neither of these differences could have affected egg survivorship. Probit analysis (Caughley,
1977; Caughley and Caughley, 1974) was attempted as a method for comparing peak pip and
hatch dates among the different groups, but the hatch and pip dates were not normally distributed

and the median pip and hatch dates identified by the test were outside the actual range observed.

There were no detectable differences in rate of development among the four groups as

measured by the percentage of the chorion that was vascularized (Figure 14).

Table 6: Summary of number of eggs pipped by group and date.

Date Day A B C D
4/26 19 10 2 7 10
4/27 20 12 13 14 7
4/28 21 14 24 6 10
4/29 22 6 7 18 22
4/30 23 0 0 0 0

5/1 24 0 0 0 0
Total 42 46 45 49
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Figure 12:  Distribution of pipping dates for eggs in all four groups.

Table 7: Summary of number of eggs hatched by group and date.

Date Day A B C D
4/27 20 4 1 0 0
4/28 21 13 11 18 15
4/29 22 4 11 5 8
4/30 23 16 22 12 22
5/1 24 1 0 7 1
Total 38 45 42 46
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Number Hatched
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Figure 13:  Distribution of hatch dates for eggs in all four groups.

All the chicks that lived had normal locomotion and responded to impulse noise with a
startle. There was no evidence of difficulty in pecking or orientation suggestive of vestibular
damage. Chick weights did not differ significantly among the groups (1-way ANCOVA on
weight and resonance frequency, holding day as a covariate; F = 0.7568; df = 3,175; p = 0.5198).
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Figure 14:  Percentage of vascularization from Day 10 to Day 21 of development (the ordinate
indicates the percentage of vascularization, broken down by group).

3.3  Resonance Frequencies of Eggs

Table 8 summarizes the results of the measurements of egg resohance. The first
resonance mode of the chicken eggs ranged between 468 and 1,036 Hz. Resonances of the quail
eggs were higher, not unexpectedly, ranging between 1,274 and 1,475 Hz. In the fertile chicken
eggs, resonance frequency declined slightly during development, but day, weight, and airspace
size did not correlate significantly with resonance frequency (multiple regression F = 2.2152;

df = 3.19; p = 0.1196). The resonance frequencies of the eggs were all 6-7 octaves above the
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peak energy in the simulated sonic booms, which was at approximately 10 Hz (Figures 6

through 8).

Table 8: Summary of results of resonance measurements in chicken and quail eggs.

EggID Egg Type Resonance EggID Egg Type Resonance
Frequency Frequency
(Hz) Hz)
V1 Chicken 666 V15 Chicken 700
V2 Chicken 658 V16 Chicken 990
V3 Chicken 695 V17 Chicken 593
V4 Chicken 1,036 V18 Chicken 700
V5 Chicken 677 V19 Chicken 495
V6 Chicken 833 V20 Chicken 468
V7 Chicken 781 V21 Chicken 405
V8 Chicken 540 V22 Chicken 753
V9 Chicken 811 V23 Chicken 727
V10 Chicken 894 V24 Chicken 562
Vi1 Chicken 935 QVv4 Quail 1,370
V12 Chicken 687 Qv7 Quail 1,475
V13 Chicken 740 Qvs Quail 1,274
Vi4 Chicken - Qv9 Quail 1,280
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4.0 DISCUSSION

These experiments did not provide any evidence of physical damage to egg shells or
embryos (such as cracking or excessive embryonic death) as a result of exposure to intense
simulated sonic booms. In fact, the results are entirely consistent with the results of previous
studies, which found no difference or a slight advantage in hatchability of eggs, weights of eggs,
and weights of chicks (Heinemann and LeBrocq, 1965; Teer and Truett, 1973; Cogger and
Zegarra, 1980; Keller, 1971).

Hatchabilities were significantly greater after exposure to sonic booms in one previous
study (Appendix A). In all the studies combined, significantly more trials found higher
hatchabilities than lower (Figure 11; Section 3.2.2). Fertilities did not differ significantly in any
study nor in the data from all studies combined. Based on the loss rates measured daily in this
study, the difference in hatchability among groups is most likely to have arisen as a result of
differences in the mean initial weight of each group, because laying weight is known to correlate

with hatching success in many species (Rickleffs, 1980; Grant, 1991).

The differences in hatchabilities were not explained by handling, as all groups were
handled similarly. Groups A/C and B/D were not held in the same tray within the incubator, or
in the same position within their respective trays, and all the trays were rotated among the four

slots in the incubator (top to bottom).

Studies of the resistance of eggs to cracking and acceleration suggest that no physical
effects of sonic booms on eggs and embryos can be expected because eggs are highly resistant
to uniform pressure fields and because tissues require constant or large accelerations (Besch et
al., 1965; Sluka et al., 1965) to produce damage. The tests reported here and the previous
studies of effects on hatchability certainly support this contention. Effects on the hearing of
embryos are also unlikely because there is a large impedance mismatch between air and the

watery medium in which the chick lives until it hatches (the intensity of sound crossing the air-
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water interface is 1/60th of that in air). However, the possibility of temporary or partial hearing

loss was not examined in this study.

If the Sooty Tern Incident cannot be explained by physical effects on eggs or embryos,
it is possible that repeated exposure of adults could have resulted in some effect on broodiness.
Broodiness can be interrupted by exposure to impulsive and transient noise (e.g., Jeannotout and
Adams, 1961; Stadelman and Kosin, 1957), although this effect has not been noted in studies of
wild birds exposed to sonic booms or other intense impulsive noise (Burger, 1981; Schreiber and
Schreiber, 1980; Teer and Truett, 1973), or in captive studies using sonic booms as a stimulus
(Cogger and Zegarra, 1980). It is also possible theoretically that adults were driven from their
nests for long enough to cause eggs to die from exposure by repeated overflights, although, once

again, this effect has not been observed in previous studies.

These two potential explanations for the Sooty Tern Incident merit further investigation
because they are plausible, but they are by no means the most likely explanations for the mass
hatching failure on the Dry Tortugas. Austin et al. (1970b) report that the Sooty Terns on the
Dry Tortugas had been exposed fairly often to sonic booms previous to the reported incident and
these booms had never resulted in departures from the nest for more than a few minutes (these
departures are typically for 2-10 minutes; times were not given in the Austin et al. report). These
observations are consistent with other studies of avian responses to sonic booms (Burger, 1981,
Bowles and Stewart, 1982; Schreiber and Schreiber, 1980). Once a clutch is full and the adults
are well into incubation, as was the case on the Dry Tortugas, there is no direct evidence, clinical

or experimental, that sonic booms can cause abandonment.

In cases where birds are driven from the nest by a brief, noisy disturbance, accidents and
predation by gulls or other predators on a colony can occur. The losses due to these causes
usually amount to a few percent of the total annual production (e.g., Burger, 1981). Intense
exposures that can be perceived as attacks (e.g., approach by a very low-flying aircraft) or

prolonged exposure to disturbances are required to drive birds from their nests for long enough
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to cause mass hatching failures. The factors that have caused mass failures in the past are
(1) low-altitude hazing from aircraft (e.g., Bunnell ez al., 1981), (2) parasite infestations (Feare,
1976), (3) attacks by mammalian predators (Emlen et al, 1966), and (4) unusual climatic
conditions (Schreiber and Schreiber, 1984). Austin et al. (1970b) rejected most of these
explanations as causes for the Sooty Tern Incident based on their observations a month after the
fact; but, because no one was watching the birds during the period when the failures occurred,
it is possible that the evidence for a natural cause of the hatching failure was later obliterated.
There is no evidence, based on the observations of personnel at nearby Fort Jefferson, that the

supersonic aircraft flew at low altitudes over the Dry Tortugas colony.
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