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Oxygen consumption, heart rate, and thermal tolerance were measured in week-old
embryos of Heermann's gull ( h r u s heermanni). Heart rate and oxygen consumption
are temperature independent between 30 and 40 C and average 120 beats/min and
1.87 cm3 Ot/(egg-h). Below 30 C, these rate processes become strongly temperature
dependent, and the heart stops beating when cooled to 7-13 C. The beat recovers
when the embryo is rewarmed, even after 1 h a t 6 C. The heart beat stops when the
embryo is heated above 40.0-41.6 C but recovers with cooling. However, the beat
does not recover after the embryo has been heated to 43 C for 1 h. The thermal independence of embryonic function over the 30-40 C range minimizes disruptions associated with variation of temperature during incubation. Unattended eggs a t night may
chill to temperatures which cause cessation of heart beat, but such exposure is not
lethal if the eggs are rewarmed. Exposure to radiant heat during the day can rapidly
raise egg temperature to levels which kill the embryo. Thus, a n important aspect of
incubation by adult Heermann's gulls is shading of the eggs and prevention of overheating.
INTRODUCTION

The avian egg develops under thermal
conditions which are strongly influenced
the
activities Of the parent
or parents. Depending on time of day,
interruptions in parental attentiveness
risk
or overheating,
or, a t the very least, variable thermal
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conditions under which development
must proceed. Fluctuation of thermal
conditions within the egg would be
particularly serious in environments
characterized by intense solar radiation
and wide daily fluctuations in temperature. Such conditions would place a
premium on compensatory mechanisms
in the physiology of the embryo that
would prevent or minimize disruptions
of development. Despite the probable
importance of such mechanisms, the
limited information available on the
physiology of avian embryos is virtually
confined to observations on the domestic
fowl (Callus gallus).
The above considerations led us to
initiate a coordinated research project
dealing with microclimatic conditions,
parental behavior, and moisture and
thermal relations of embryos of Heermann's gull (Larus heermanni). A major
breeding colony of this species uses Isla
Rasa, Baja California Norte, Mexico.
This desert island located in the Gulf of
California receives intense solar radiation during the day and is characterized
by relatively wide diurnal fluctuations
in ambient temperature. In this report
we deal with some of the physiological
responses of embryonic Heermann's
gulls to temperature. Other physiological
and behavioral aspects of this study are
published elsewhere (Bartholomew and
Dawson 1979; Rahn and Dawson 1979).
We measured the influence of temperature on the rates of oxygen consumption
and heart beat of gull embryos. Cardiac
function was also used to define the
thermal tolerance of embryonic Heermann's gulls, since failure of heart action
is regarded as the principal cause of
death during thermal stress in embryonic
domestic fowl (Szarski 1948). All our
measurements were made on embryos
during the first week of development.
Relative growth and development are

most rapid during this period (Romanoff, Smith, and Sullivan 1938), which is
also characterized by the greatest incidence of embryonic deaths and malformations (Riddle 1930; Romanoff
1949, 1972). Embryos of G. gallus are
also more sensitive to high temperatures
during this period than later in their
development (Romanoff 1934; Romanoff
and Sochen 1936; Moreng and Shaffner
1951).
MATERIAL AND METHODS

Eggs were collected on Isla Rasa on
April 16-24, 1976. Embryonic age was
estimated jn the field by determining
the angle a t which the egg floated in
water: eggs with week-old embryos float
a t a 4S0-600 angle with the horizontal.
The eggs were transported to the R/V
Dolphin within 30 min of collection and
maintained a t 20 C until experimentation, which was always within 6 h of
collection. The stage of development of
each embryo was later determined by
reference to comparable developmental
stages of the domestic fowl (Hamburger
and Hamilton 1951; Freeman and Vince
1974). The age assigned to each was
adjusted proportionately for the slightly
longer incubation period of the gull (25
days vs. 21 days for the domestic fowl
[Herzig-Ziircher 19781). The mean age
of the embryos utilized was 6.3 days
(+ 0.40 SE, range = 1.9-8.9 days).
In experiments examining the thermal
dependence of heart rate, embryos with
intact chorio-allantoic membranes were
dissected from the underlying yolk and
were placed in a small plastic dish containing Ringer's solution (145 mM
NaC1, 3.4 mM KCl, 2.3 mM CaC12,3.0
mM NaHC03). A fine (40-gauge) thermocouple used with a thermocouple
meter (SB Systems) was inserted into
the embryonic tissue directly adjacent
to the heart. The frequency of heart
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beat (atrial or ventricular contractions)
was observed with a dissecting microscope and timed with a stopwatch.
Embryos were heated above or cooled
below room temperature by placing the
plastic container on an adjustable electric hot plate or on crushed ice. The
temperature of the embryo was changed
a t 0.2-1.0 C/min and heart rate monitored until beating ceased a t the low or
high temperature limit. T o determine
whether removal of the embryo from the
egg had any effect on heart rate a t
various temperatures, other eggs were
opened by removing a circular area of
the shell. Heart i-ate was determined
immediately in situ and the temperature
of the embryo measured with a thermocouple.
To test the thermal tolerance and
viability of embryos in intact eggs, fine
thermocouples were inserted about 1 cm
into the albumen compartment. Eggs
were equilibrated for 1 h in a controlled
temperature cabinet set a t a level
between 42 and 45 C. A small area of
shell was then removed and a few drops
of mineral oil were added to slow cooling
by evaporation. A thermocouple was
inserted close to the heart, which was
observed for the persistence and frequency of beating. These were monitored
as the egg cooled to room temperature.
Cold tolerance of the embryos was
determined in a similar manner after
equilibration to 6-7 C for 1 h.
Oxygen consumption of intact eggs
was determined by closed-circuit respirometry in which gas samples were
subjected to paramagnetic oxygen analysis using a Beckman F-3 oxygen analyzer
(20'%21%
02). Eggs were placed on
wire platforms in individual metabolic
chambers fashioned from 2-liter paint
cans. The volume of the chambers was
reduced to 1 liter by the addition of
water to the chamber; consequently,
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relative humidity was 100yo. One egg
in each series was fitted with a fine
thermocouple in its albumen compartment. The metabolic chambers were
placed in the thermostated cabinet and
the eggs were equilibrated sequentially
a t 20, 30, 35, and 40 C. During the
equilibration, the chambers were ventilated with air continuously. After equilibration, a sample of excurrent air from
which water vapor and carbon dioxide
had been absorbed was analyzed for
oxygen content. The ports into the
chambers were then closed and the egg
left a t 20 C for 2 h or, a t the higher
temperatures, for 1 h. A sample of
chamber air was then passed through
the oxygen analyzer by adding water
slowly to the chamber. Volume of the
eggs was calculated from t,heir length
and width according to a formula
developed for this species by Hoyt
(1979), and chamber volume was corrected for egg volume. Oxygen consumption was calculated from the volume of
air and the decrement in oxygen partial
pressure within the chamber, using an
equation modified from those provided
by Depocas and Hart (1957) for dry,
C02-free air. All volumes reported are
corrected to STPD.
RESULTS

The frequency of heart beat as a
function of temperature is reported in
figure 1 for 14 embryos removed from
their eggs. The thermal dependence is
complex and is best described by the
following equation obtained by the
method of least squares: log y =
-0.5996
0.1399T - 0.0018T2, when
T = temperature in C between 8 and
41 C and y = heart rate in beatslmin.
Above 32.0 C, the heart rate is independent of temperature (P = .32), averaging 120 beats/min. Below this temperature, cooling progressively reduces

+
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TABLE 1

SURVIVAL
OF THERMAL STRESS

BY

WEEK-OLD EMBRYOS OF

HEERMANN'S
GULLS"
Temperature

("0

a

Temperature

'C

FIG. 1.-Heart rate in week-old embryos of
Heermann's gull. Solid circles indicate measurements on 14 excised embryos with intact chorioallantoic membranes; the five open circles are
measurements on in situ embryos viewed through
a hole in the shell.

the beating frequency until, below 20 C,
rates fall precipitously to minimum
values of approximately 5 beats/min
just above cold-blocking temperatures.
Removal of the embryo from its egg
apparently has little effect on heart
rate: frequencies for embryos in situ
are similar to those of excised embryos
(fig. 1).
The hearts beat over a 28-33 C range
of temperature. Heat blockage occurs a t
approximately 41.1 C (no. = 5; range,
40.0-41.6 C). The frequency usually
decreases with the beating sometimes
becoming irregular, about 1 C below
blocking temperature. More variability
is evident in the lower temperature
required to stop the heart: values range
from 7.9 to 13.0 C among the four
individuals tested.
Exposure to temperatures which block
cardiac activity is not necessarily lethal.
As shown in table 1, embryos in intact
eggs maintained a t either 6 C or 42-43 C
for 1 h resumed normal heart rates
when returned to room temperature.

No.
Exposed

No.
Surviving

Intact eggs exposed for 1 h.

Embryos did not survive exposure t o
temperatures above 43 C: cardiac function never resumed in these embryos.
The latter is assumed to be the upper
lethal temperature for week-old embryos
of this species.
Oxygen consumption of embryos within intact eggs a t various temperatures
is summarized in figure 2. Although
metabolic rate varies directly with temperature between 20 and 30 C (Qlo =
2.05), it remains essentially constant
between 30 and 40 C, the slope of the
curve not differing significantly from
zero (P = .68). Oxygen consumption
over this range averages 1.87 cm3/
(eggeh). The mean mass of these
embryos (wet and membrane free) was
0.25 g; consequently mass-specific metabolic rate was approximately 7.5 cm3
O2/ ( g 4 .
heermanni

Temperature

OC

FIG.2.-Oxygen consumption of intact eggs containing week-old embryos of Heermann's gull.
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DISCUSSION

Gulls have a predominantly circumpolar and temperate geographic distribution, and cold rather than heat might
appear to be the more prevalent form
of potential thermal stress for their eggs
and young. However, even in temperate
areas young gulls may rapidly experience heat stress when left unattended by
the parents (Dawson, Hudson, and Hill
1972; Dawson, Bennett, and Hudson
1976). Since the climate of Isla Rasa
is dominated by solar radiation, the
local breeding colony of Heermann's
gulls is subjected to considerable heat
stress. Adult gulls engage in vigorous
heat defense almost daily while sitting
on their nests (Bartholomew and Dawson 1979).
The thermal environment of the
embryonic Heermann's gull varies even
when the adults are in attendance on
the nest. The nests themselves consist
of little more than depressions in the
dirt ornamented with a few twigs and
provide little shelter. Unlike most incubating birds (see White and Kinney
1974), Heermann's gulls permit fluctuation in the temperature of their eggs.
Incubated egg temperature during our
study period averaged 36.7 C (Bakken,
Buttemer, and Dawson, unpublished
data). When unprotected by the adults,
the eggs undergo wide thermal fluctuations: the temperature of a model egg
placed in an unprotected position in a
gull nesting area is reported in figure 3.
The mean daily minimum and maximum
temperatures of this egg were 12.6 C
(range 8.4-16.4 C) and 45.9 C (range
41.0-48.8 C), respectively. The egg remained heated above 43.0 C for more
than 1 h on 6 out of the 8 days measured.
Less thermal lability would probably
occur in intact unincubated eggs, owing
to their greater thermal inertia. However, the test egg serves to illustrate
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the potential heat stress on Isla Rasa,
for intact eggs left uncovered in the full
sun heated from an incubation temperature of 36 C to above 43 C in approximately 15 min.
Our measurements indicate that embryonic Heermann's gulls can be fatally
injured by exposure to the diurnal
thermal environment in this colony if
the eggs are not shaded by an adult gull
(see fig. 3). These measurements establish that exposure to 41 C is sufficient
to cause the cessation of heart beat in
week-old embryos, and exposure to 43 C
for 1 h causes death. This upper thermal
limit of embryos of Heermann's gull
apparently does not exceed that of other
birds which have been examined (see
table 2). Heart beat in embryos of the
domestic fowl ceases a t 40-41 C and
recovers if the embryo is returned to
32 C; however, heart beat does not
recover after embryos are heated to
45 C (Schenk 1867). Exposure of eggs
of the house wren (Troglodytes aedon) to
41.143.9 C for 1 h is lethal to half the
embryos; 45.6 C for the same period is
lethal to all (Baldwin and Kendeigh
1932). Thus, we find no evidence of
specific adjustment of upper lethal
limits in embryos of this gull in spite of
the danger of environmentally induced
heat stress.
The upper temperature which causes
a cardiac block in these gull embryos
is below the body temperatures of adult
gulls. Two Heermann's gulls caught in
flight during our study had rectal temperatures of 41.2 and 42.3 C. Other
species of gulls have been found to have
temperatures ranging from 40.3 to 42.6,
with most of the values exceeding 41 C
(Wetmore 1921; Irving and Krog 1954;
Drent 1967). Body temperatures a t
these levels are injurious to embryos we
investigated, and, consequently, the
temperatures a t which gull eggs are
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eggs of Heermann's gulls can fall to
levels which block the heart beat of the
embryos (see fig. 3). Chronic exposure to
cold temperature results in retardation
of growth and gross malformations in
avian embryos (Ancel 1958; Romanoff
1972). However, the effects of acute
exposure to nonfreezing temperatures
appear readily reversible upon rewarming. Embryonic domestic fowl a t all
stages of development survive 1 h a t 0 C

incubated must be below the body
temperature of the incubating parent.
Tolerance of acute heat exposure appears to increase and tolerance of acute
cold exposure to decrease during embryonic development of birds (Romanoff
1934, 1960; Romanoff and Sochen 1936;
Moreng and Shaffner 1951; MacMullan
and Eberhardt 1953;Ancell958 ;Lundy
1969).
At night, the temperature of exposed
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FIG.3.-Daily temperature record for an unincubated test egg. This egg was obtained from a Heermann's gull nest, the contents were removed, and the inner surface of the shell was coated with copper.
I t was fitted with a thermocouple and placed near a nest among the rocks on an east-facing slope on Isla
Rasa. The egg was unshaded throughout all but the last part of the day. Line A marks the upper lethal
temperature established in the present study for Heermann's gull embryos near the end of the first week
of development. Bands B and C mark the respective temperature ranges in which heat and cold suppression
of heart rate occurred in these embryos.
TABLE 2
HIGHTEMPERATURES

CAUSING CESSATION OF HEART BEAT I N
AVIAN EMBRYOS DURING FIRST W E E K OF DEVELOPMENT

Temperature
PC)

Species

Domestic fowl. . . . . .
Domestic fowl. . . . .
Domestic fowl. . . . . .
Domestic fowl. . . . . .
Duck ..............
Heermann's gull. . . .

.

40-41
42-43
46.5
41-44
43

40.W1.6

Reference

Schenk 1867
Cesana 1911-1912
Romanoff and Sochen 1936
Moreng and Shaffner 1951
Inukai 1925
This study
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(Moreng and Shaffner 1951), and some
eggs of Manx shearwaters (Pufinus
@finus) maintained a t 17 C for several
days ultimately hatched following rewarming (Matthews 1954). Several Russian workers have even reported improved hatching success with clutches of
fowl eggs subjected to periodic chilling
in comparison with eggs maintained a t
constant high incubation temperatures
(see Lundy 1969 for references). Cold,
therefore, appears to present a less
serious threat than heat to the gull
embryos on Isla Rasa. A gull egg exposed a t night may be chilled and have
the growth of its embryo slightly retarded; however, an egg exposed during
the day can be killed rapidly by overheating in the sun.
In face of the broad range of temperatures occurring during incubation, the
week-old gull embryos have an impressive independence of functional capacity.
Metabolism and heart rate (and, by
inference, delivery of nutrients to growing tissue) are essentially constant upon
acute exposure to temperatures between
30 and 40 C. This constancy in these
important physiological variables suggests that considerable fluctuation can
be tolerated in incubation temperature
without disrupting development. The
mechanisms leading to stabilization of
the rates with which we are concerned
are unknown.
I t is difficult to determine whether

rate processes of other avian embryos
show a simiIar thermal independence in
the range of temperature associated
with incubation. Surprisingly few data
exist on the response of metabolic
rate of avian embryos to acute temperature exposure. The only data obtained
for embryonic domestic fowl under wellcontrolled, acute experimental conditions do indicate a low thermal dependence of oxygen consumption (Qlo =
1.6 for 15-38 C [Hasselbalch 19001;
Qlo = 1.0 for 34-40 C [Greiff l952]).
Heart rates in embryos of ducks and
domestic fowl show a decreasing thermal
dependence with increasing temperature, ranging from QLo7s
in excess of 4.0
a t 20-25 C to 1.4-1.9 a t 3 5 4 0 C (Inukai
1925; Parpart and Glaser 1930; Paff et
al. 1963; see table 3). Thermal dependence of heart rate generally decreases
with increasing age of the embryo
(Murray 1926; Cohn 1928; Romanoff
and Sochen 1936). A clear indication
exists in all these examples of a lower
thermal dependence than anticipated
for most biological reactions, for which
Qlo typically lies between 2 and 3
(table 3). However, none of the reported
Qlo values between 30 and 40 C is as
low as those measured for Heermann's
gulls. We are intrigued a t the indications
that some fluctuation in incubation
temperature is permissible without producing major physiological disruptions.
The adaptive significance of this ap-

TABLE 3
Qlo VALUES FOR HEART RATE OF AVIAN EMBRYOS

Species

Domestic fowl. . . . . . .
Domestic fowl. . . . . . .
Domestic fowl. . . . . . .
Domestic fowl. . . . . . .
Domestic fowl. . . . . . .
Duck . . . . . . . . . . . . . . .
Heermann's gull. . . . . .

Age
(Days)

Temp. Range

("C)

Q 10

Reference

2-8
6
7
3

30-40
33-39
35-40
35-40
31.5-40.5
35-40
35-40

1.7
1.8
1. 5
1. 6
1.4
1.9
1.1

Cesana 1911-1912
Cohn 1928
Parpart and Glaser 1930
Paff et al. 1963
Romanoff and Sochen 1936
Inukai 1925
This study

7
3
2-9
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parent thermal insensitivity is readily
apparent for Heermann's gulls; the
situation in other species of wild birds
remains to be determined.
The
of attentiveness Of parent
gulls in regard to the
egg
has generally been defined in terms of
providing incubation and protection
from other gulls. However, shading the
eggs from solar radiation may be even
more imDortant in environments such
as that on Isla Rasa. This duty can
impose severe heat stress on the parent

bird. The more commonly identified
thermal benefit of attentiveness, keeping the eggs warm, is also of importance
on Isla Rasa. However, some protection
against thermal fluctuations in the egg
is provided by the considerable range in
incubation temperature that appears
Exposure Of the egg to a
environment is never lethal, although
it might retard development. Heat death
is a more immediate threat to successful
reproduction.
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