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Physiological ecology of incubation of ptarmigan eggs at high and 
low altitudes

Cynthia Carey & Kathy Martin

Carey, C. & Martin, K. 1997: Physiological ecology of incubation of 
ptarmigan eggs at high and low altitudes. - Wildl. Biol. 3: 211-218.

The broad altitudinal distribution of ptarmigan Lagopus spp. makes this 
group an excellent model with which to ask how morphological and physi
ological specializations foster successful reproduction of birds at their dis
tributional limits. Eggshell conductance and permeability to gases, shell sur
face area, shell thickness, daily water loss, and egg volume were measured 
in willow ptarmigan Lagopus lagopus breeding at 720 m a.s.l. and white
tailed ptarmigan Lagopus leucurus breeding between 3,600 and 4,100 m 
a.s.l. Of these characteristics, only egg volume and shell surface area dif
fered significantly between the two species. Since the rate of daily water 
loss is similar at the two breeding locations, embryos develop in similar 
hydric environments inside the shell. High altitude embryos facilitate oxy
gen delivery with acclimatory adjustments in certain cardiovascular and cel
lular characteristics.
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Birds are among the most successful vertebrates in 
terms of their ability to breed over broad geographi
cal gradients. For this reason, they provide an excel
lent model for examining how animals respond to 
variations in the physical environment over geogra
phical gradients and to what extent survival at the 
edges of geographical distributions depends on phys
iological acclimatization or genetic changes.

Barometric pressure (PB, in torr) is a physical fea
ture of the environment that varies continuously with 
increasing altitude. Increased cold temperatures, 
intensity of solar radiation, hypoxia (low oxygen par
tial pressures), and decreased water vapour pressure 
occur as secondary consequences of the reduction in 
PB at high altitudes. Some of these factors, such as 
cold and hypoxia, may act synergistically to pose 
even greater challenges to animal existence than 
either factor acting alone. Despite these problems, at

least 20 species of birds breed successfully above
4.000 m; the record altitude for nesting is around 
6,500 m (Rahn 1977, Carey, Leon-Velarde & Monge 
1991 and references therein). A few species breed 
over the entire altitudinal gradient from sea level to 
above 4,000 m, but most species breeding above
4.000 m do not breed at lower altitudes (Parker, 
Parker & Plenge 1982, Inskip & Inskip 1985)

Ptarmigan Lagopus spp. have a broad geographical 
and elevational distribution. Details about geographic 
variation in their breeding biology have been summa
rized by Braun, Martin & Robb (1993) and Martin, 
Holt & Thomas (1993). Two species within this 
genus were chosen for study because embryonic pre- 
cocial development in relatively large eggs facilitates 
measurements of a variety of characteristics of both 
shell and embryo. This paper compares features of 
eggshells which govern gas exchange. We will also
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summarize other research concerning whether physi
ological differences between lowland and montane 
ptarmigan embryos result from physiological accli
matization to hypoxia or from genetic adaptations.

General background

The ability of birds to breed over broad geographical 
gradients depends, in part, on their ability to meet the 
requirements of the embryos for development within 
their tolerance limits. Since all the nutrients and 
water necessary for the growth and maintenance of 
the embryo until hatching are prepackaged in the egg 
before laying (review by Carey 1996), the principal 
physical requirements of the embryos are heat and 
gas exchange. To hatch successfully, embryos must 
receive sufficient heat, usually, but not always 
(Howell 1979, Seymour & Ackerman 1980), from an 
incubating parent. The interrelation between incuba
tion constancy and ambient temperatures in the biol
ogy of ptarmigan reproduction is reviewed by Wiebe 
& Martin (1997).

Embryos also have a mandatory requirement for 
appropriate levels of gas exchange between the inte
rior of the egg and the environment. Oxygen flows 
into the egg and C 0 2 and water vapour move out of 
the egg principally by the process of diffusion down 
concentration gradients. The gradients for 0 2 and C 0 2 
are established by the metabolism of the embryo and 
the gradient for water vapour is set by the differential 
between the fully saturated atmosphere of the egg and 
the (usually) less saturated environment of the nest 
(Wangensteen & Rahn 1970/71). The factors that 
govern the rate of diffusion of a gas through the shell 
(M, cm3 STPD) have been described by a modifica
tion of the Fick equation (Paganelli, Ar, Rahn & 
Wangensteen 1975):

M = (D/RT) ■ (Ap/L) • A P (1)

where D = binary diffusion coefficient (cm2 ■ sec '). 
RT = gas constant and absolute temperature (cm3 
STPD • cm 3 • to rr1), L = length of the diffusion path 
or shell thickness (cm), Ap = effective pore area 
(cm2), and A P = partial pressure difference of gas 
across the shell (torr). Of all the factors in this equa
tion, the female has control over only shell thickness 
and pore area. The factors (D/RT) • (Ap/L) are often 
combined into a single value 'G', the conductance or 
diffusive capacity of the egg to a gas (cm3 • sec'1 ■ torr)

(Ar, Paganelli, Reeves, Greene & Rahn 1974). There
fore, equation 1 becomes:

M = G • A P (2)

Conductance measurements are typically standard
ized to 760 torr and 25°C to facilitate comparisons of 
eggshell conductance of various species collected in 
a variety of locations. Conductance of the egg to 
water vapour (GH20) is typically measured with an 
easy and accurate method (Ar et al. 1974); conduc
tance to 0 2 and C 0 2 can be calculated from the value 
for water vapour (Paganelli, Ackerman & Rahn 
1978).

The average eggshell conductance of a species is 
thought to be under selection from competing re
quirements (Paganelli et al. 1978). Since 0 2 diffuses 
in the opposite direction from that of C 0 2 and water 
vapour, the conductance must be large enough to 
allow sufficient 0 2 to diffuse in, yet small enough to 
prevent excessive losses of C 0 2 and water vapour. 
Therefore, the average G of a species represents a 
compromise between these mutually antagonistic 
factors. Shell conductance regulates both the rate of 
gas exchange and prepares the embryo for the onset 
o f convective respiration (Wangensteen & Rahn 
1970/71). If conductance is too high or too low for a 
given set of incubation conditions, the embryo may 
fail to hatch (Wangensteen, Wilson & Rahn 1970/71, 
Rahn, Paganelli & Ar 1974, Ar & Rahn, 1980). A 
review of the data underlying these principles is pre
sented by Carey (1983).

Problems of gas exchange at high altitude

The diffusion coefficient (D) in equation 1 is inverse
ly proportional to barometric pressure (Rahn et al. 
1974). Therefore, gas diffusion will increase at alti
tude if all other factors in equation 1 are held equal 
(Paganelli et al. 1975). The effective G of an egg 
increases with altitude proportionally with the 
decrease in barometric pressure. If an egg were laid at 
an altitude at which the PB were half (0.5 atm) the 
value at sea level, gases would diffuse twice as fast 
through the shell (Paganelli et al. 1975). This effect 
would increase the rate of loss of C 0 2 and water 
vapour from the egg and also would increase the rate 
of 0 2 diffusion into the egg. The latter effect would 
benefit the embryo by offsetting, to a certain extent, 
the decrease in partial pressure of 0 2 at low baromet
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ric pressure (Visschedijk, Ar, Rahn & Piiper 1980). 
However, increased losses of water vapour and C 0 2 
could be fatal to an embryo. If such variation in gas 
exchange was detrimental to montane embryos in the 
evolution of birds breeding at high altitude, what 
mechanisms might have developed to ameliorate this 
situation?

Previous studies on conspecific and congeneric 
birds breeding between sea level and 4,478 m a.s.l. 
have indicated that eggshell conductance to gases 
(corrected to 760 torr) is reduced in approximate pro
portion to the reduction in PB (and increase in diffu
sion coefficients for gases) at each breeding location 
between sea level and about 3,600 m a.s.l. (Packard, 
Sotherland & Packard 1977, Rahn, Carey, Balmas, 
Bhatia & Paganelli 1977, Carey, Garber, Thompson 
& James 1983). Since the reduction in G roughly cor
responds to the increase in D, losses of water vapour 
and (presumably) C 0 2 are independent of altitude 
(Carey et al. 1983). This trend of reduction in G is 
reversed at altitudes above 3,600 m: the reduction in 
eggshell conductance does not compensate for the 
decrease in PB and in some species, G is near or even 
above sea level values (Carey, Leon-Velarde, Dunin- 
Borkowski, Bucher, de la Torre, Espinosa & Monge 
1989a, Carey, Leon-Velarde, Dunin-Borkowski & 
Monge 1989b, Carey et al. 1991). Variation in mean 
eggshell conductance is achieved in all species stud
ied thus far except one (Puna ibis Plegadis ridgwayi; 
Carey, Leon-Velarde, Castro & Monge 1987) by a 
reduction in the numbers of pores, rather than in the 
sizes of pores or shell thickness (Carey et al. 
1989a,b). This curvilinear relation between eggshell 
conductance and PB is thought to reflect changing pri
orities for gas exchange: That is, conservation of 
water vapour and C 0 2 at the expense of 0 2 availabil
ity to the embryo up to about 3,600 m a.s.l., and then 
at higher altitudes, selection for improvement of 0 2 
diffusion occurs at the expense of increased losses of 
water vapour and C 0 2. Adjustments in shell structure 
at moderate altitudes serve to maintain a hydric and 
acid-base environment inside the egg similar to that 
at sea level, but the interior of the egg becomes pro
gressively hypoxic (Carey, Thompson, Vleck & 
James 1982). At altitudes above 3,600 m, no possible 
modification of shell structure can create gaseous 
conditions similar to those at sea level. Therefore, the 
physiological properties of the embryo must become 
progressively more important for fostering growth 
and development in the abnormal gaseous conditions 
found inside the egg (hypoxia, hypocapnia, and dehy

dration) above 4,000 m (Carey et al. 1989a,b, Carey, 
Dunin-Borkowski, Leon-Velarde, Espinosa & Monge
1993).

Ptarmigan at high and low altitudes

The broad geographic and altitudinal distribution of 
ptarmigan make this group an appropriate model to 
address questions concerning how morphological and 
physiological specializations foster embryonic sur
vival at distributional limits. The questions addressed 
in our research program were: 1) how do morpholog
ical characteristics of eggs and physiological features 
of embryos of white-tailed ptarmigan Lagopus leucu- 
rus breeding near their altitudinal limit between 
3,600 and 4,100 m a.s.l. differ from those of willow 
ptarmigan Lagopus lagopus breeding at 720 m a.s.l. 
and, 2) do physiological differences result from accli
matization to environmental factors or from geneti
cally fixed adaptations? This paper will present data 
on eggshell characteristics and will provide a brief 
summary of embryonic physiological characteristics 
in the discussion.

Methods

Willow ptarmigan eggs were collected within 2 km of 
the Toolik Field Station of the University of Alaska, 
located north of the Brooks Range at 720 m altitude, 
68°38'N, 149°38'W, in Alaska. White-tailed ptarmi
gan eggs were collected at altitudes of 3,600-4,100 m 
at Mt. Evans and near Guanella Pass (39°34-40'N, 
105°35-53'W), Clear Creek County, Colorado. Data 
on egg characteristics were taken from only one egg 
per nest for calculation of group means because some 
features of avian eggs are more similar within a 
clutch than compared between clutches of different 
females (Sotherland, Packard & Taigen 1979). Eggs 
were wrapped individually in plastic and stored 
briefly in a refrigerator either at the Toolik Field 
Station or at the University of Colorado in Boulder, 
Colorado at 1,600 m a.s.l.

The conductance to water vapour (GH20) was 
measured at 25°C according to the method of Ar et al. 
(1974) and corrected to 760 torr (see Carey et al. 
1983 for complete description). Shell thickness with
out shell membranes was measured with micrometer 
calipers accurate to 0.025 mm. Egg length and width 
were used to calculate egg volume, shell surface area,
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and permeability using the following equations:

V = 0.51 LB2, (Hoyt 1979) (3)
SA = 4.94 V 0 667 (Hoyt 1976) (4)
KH,0 = GH20 / SA • 69465.5 (Rahn et al. 1977) (5)

where V = egg volume in cm3, L = egg length in cm, 
B = maximal diameter of egg in cm, SA = surface 
area in cm2, KH20  = eggshell permeability to water 
vapour in cm3 STP • sec 1 • cm 2 • torr ' • 1 0 6, GH20  = 
eggshell conductance to water vapour in mg ■ d a y 1 • 
to r r1 and 69,465.5 = a correction factor used to adjust 
the units of water vapour from mass to volume and 
the time units from days to seconds.

Daily water loss of eggs that had been incubated at 
least five days in the field (see Carey 1983 for effects 
of age on conductance) was measured by numbering 
two randomly-selected eggs per clutch with water
proof ink and weighing each to the nearest 0.01 g on 
a battery-operated Acculab top-loading balance, 
accurate to 0.0001 g. They were reweighed approxi
mately 24 hours later, the difference in mass repre
senting the loss of water vapour from the egg (Ar & 
Rahn 1980). The value from the first egg weighed 
was used to represent the water loss from eggs in that 
clutch unless it proved to be excessive due to a crack 
in the shell. In that event, the measurement from the 
second egg was used.

Results

Egg volume and shell surface area of willow ptarmi
gan were significantly larger than those of white
tailed ptarmigan (Table 1). However, shell thickness 
did not vary significantly among the two groups. 
Eggshell conductance to water vapour (GH20 ), shell 
permeability (KH20), and daily water loss in the field

of white-tailed and willow ptarmigan were statistical
ly indistinguishable (see Table 1).

Discussion

A large number of characteristics, e.g. incubation 
period, water loss, conductance to water vapour, sur
face area, shell thickness, pore area, egg volume, 
pores per egg, vary as a function of fresh egg mass in 
birds (see review by Carey 1983). Fresh egg mass of 
willow ptarmigan averages about 22.4 g (K. Martin, 
unpubl. data). Unfortunately, no data are available on 
fresh egg mass of white-tailed ptarmigan. The signif
icant differences in egg volume and surface area 
found in this study undoubtedly reflects a difference 
in average egg mass of the two species.

Despite this difference in egg size (volume), neither 
GH20  nor eggshell permeability corrected for surface 
area (KH20 )  varied significantly between these two 
species. When data from a large number of avian 
species with a broad range of egg masses are consid
ered, conductance to water vapour (GH20 , in mg • 
d a y 1 • to r r1) varies with egg mass (W, in g) accord
ing to the equation (Ar & Rahn 1978):

GH20  = 0.384 W 0814 (6)

However, variation in G H ,0 within a species or genus 
can be sizeable without a significant change in egg 
mass (Packard et al. 1977, Ar & Rahn 1978, Carey et 
al. 1983, Carey 1986, Carey et al. 1987). This phe
nomenon occurs because eggshell conductance to 
gases can be varied independently of egg mass. This 
variation most frequently is correlated with the 
gaseous conditions in the nest (see review by Carey 
1983). The two major shell components of conduc
tance to gases are shell thickness and functional pore

Table 1. Characteristics o f eggs and shells o f willow ptarmigan Lagopus lagopus collected at 720 m a.s.l. and white-tailed ptarmigan 
Lagopus leucurus collected between 3,600 and 4,100 m a.s.l. The P-values result from unpaired t-tests on the two means for each char
acteristic.

Characteristic Lagopus lagopus Lagopus leucurus

x SE N x SE N P

Egg conductance to water vapour
(GHaO, mg ■ day 1 • tor'1) 2.92 ±0.168 (4) 2.50 ±0.158 (5) 0.12

Shell permeability to water vapour
(KH20, cm1 STP ■ sec-' • cm 2 • to rr1 ■ Id 1) 1.024 ±0.166 (4) 1.108 ±0.014 (5) 0.45

Egg volume (cmJ) 21.26 ±0.397 (4) 19.09 ±0.404 (11) 0.01
Shell surface area (cm*) 37.94 ±0.471 (4) 35.295 ±0.502 (11) 0.03
Shell thickness (mm) 0.193 ±0.004 (4) 0.184 ±0.004 (9) 0.23
Daily water loss in field (g • day '1) 0.159 ±0.007 (4) 0.161 ±0.013 (4) 0.87
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area (a product of pore size and number (equation 1)). 
Since shell thickness does not vary significantly 
between species of ptarmigan, the functional pore 
area likewise must be similar. In every case studied 
thus far, changes in functional pore area in eggs of 
birds breeding over altitudinal gradients have been 
due to variation in the numbers of pores, not their 
sizes (Ar & Rahn 1985, Carey et al. 1987, Carey et al. 
1989a,b)

The average barometric pressure at breeding loca
tions of white-tailed ptarmigan (3,600-4,100 m) is 
about 60-65% of the sea level value (760 torr) while 
that of the willow ptarmigan is about 90% of the sea 
level value. Since the diffusion coefficient for water 
vapour varies inversely with barometric pressure 
(Paganelli et al. 1975), D should be about 25-30% 
greater for white-tailed ptarmigan eggs than for wil
low ptarmigan eggs. However, the average daily 
water losses from eggs incubated naturally by white
tailed and willow ptarmigan did not differ signifi
cantly (P = 0.87, see Table 1). Since the increased 
tendency of water vapour to diffuse at altitude has not 
been offset by a change in conductance, as observed 
in most other species breeding over altitudinal gradi
ents (Carey et al. 1983, 1987, 1989a,b, 1991), the 
similarity in water loss may result from a lower ave
rage incubation temperature in white-tailed ptarmi
gan. If eggs cool more during foraging trips of white
tailed ptarmigan females than of willow ptarmigan 
hens or if white-tailed ptarmigan hens do not incubate 
as constantly in the early stages of incubation as wil
low ptarmigan hens, the increased diffusion coeffi
cient for gases at altitude would be offset because 
temperature is a factor governing the rate of gas dif
fusion (equation 1). If the difference in incubation 
periods existing between naturally incubated willow 
(22 days) and white-tailed ptarmigan embryos (25 
days) (Martin et al. 1993) disappears if white-tailed 
ptarmigan are incubated in an incubator at 37°C, 
differences in average incubation temperature should 
exist in the field.

The initial relative water content of the freshly laid 
egg and the final relative water content of the pipped 
embryo match within 1% (depending upon develop
mental mode) for all birds that have been investigat
ed (Ar & Rahn 1980, Carey 1983). The relative initial 
water content and final pipped content of precocial 
eggs average about 75% (Ar & Rahn, 1980). While 
the importance of constancy of relative water content 
throughout incubation has not been resolved, Ar & 
Rahn (1980) concluded that maintenance of the rela

tive water content is essential for embryonic develop
ment and survivability. Conceivably, birds breeding 
at high altitude could offset potentially higher rates of 
water loss at lower barometric pressure by laying 
eggs with a higher initial relative water content. 
However, no existing study on species breeding over 
altitudinal gradients has found any variation in fresh 
and final water contents (Carey et al. 1983, 1987, 
1989a,b). If white-tailed ptarmigan lay eggs with an 
initial relative water content around 75%, the similar
ity in water loss between their eggs and those of wil
low ptarmigan indicates that embryos of both species 
develop in the same hydric environment, despite 
differences in the altitudes at which the eggs are laid. 
When the amount of water lost daily is multiplied by 
the average incubation period, and then divided by 
the fresh egg mass, the fractional water loss (the total 
amount of egg mass lost as water vapour during incu
bation to pipping) of willow ptarmigan is 15.6%. This 
value is well within the limits (11-23%) recorded for 
a variety of other birds breeding at low altitudes (Ar 
& Rahn 1980). While the fractional water loss cannot 
be calculated for white-tailed ptarmigan eggs without 
data on fresh egg mass, it is extremely unlikely that 
the fractional water loss of these eggs exceeds the 11- 
23% limits.

Although white-tailed and willow ptarmigan 
embryos develop in a similar hydric environment, 
white-tailed embryos experience restricted 0 2 avail
ability. Although the diffusion coefficient for 0 2 
increases with altitude, this effect only partially off
sets the decrease in ambient partial pressure of 0 2 
(P 0 2) at low PB (Visschedijk et al. 1980). As a result, 
the P 0 2 inside the air cell of the egg decreases as the 
altitude at which eggs are laid increases (Carey et al. 
1982, 1989a, Carey, Dunin-Borkowski, Leon- 
Velarde, Espinosa & Monge 1994). Since the air cell 
P 0 2 serves as the upper end of the gradient for diffu
sion of 0 2 into the blood, and ultimately, into the 
cells, the decrease in air cell P 0 2 causes a reduction 
in the rate of 0 2 diffusion to the cells. Chicken Gallus 
domesticus embryos incubated at altitudes of up to 
3,800 m exhibit decreased 0 2 consumption, increased 
duration of incubation period, decreased hatchling 
mass, and increased embryonic mortality (Wangen- 
steen, Rahn, Burton & Smith 1974). However, most 
wild birds (see Carey et al. 1989a for exception) 
breeding up to 4,100 m have physiological mecha
nisms for facilitating 0 2 transport in hypoxic condi
tions, with the result that 0 2 consumption, hatchling 
mass, incubation periods, and mortality rates are
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independent of altitude (Carey et al. 1982, 1994). 
These mechanisms include increased hemoglobin 
concentrations and hematocrits (proportion of red 
blood cells in blood volume) (Carey et al. 1993,
1994), but other mechanisms undoubtedly exist that 
remain to be described.

Our studies comparing white-tailed and willow 
ptarmigan embryos have investigated whether mech
anisms exist that could facilitate 0 2 transfer and uti
lization (Carey, Martin, May & Harper, unpubl. data). 
Oxygen consumption of white-tailed ptarmigan 
embryos measured at 4,200 m a.s.l. is similar to that 
of willow ptarmigan embryos at 720 m. These data 
indicate that white-tailed ptarmigan do have physio
logical mechanisms which facilitate 0 2 transport and 
utilization in hypoxic conditions. Incubation periods 
of white-tailed ptarmigan average about three days 
longer than those of willow ptarmigan (Martin et al. 
1993), but this effect may be due more to lower ave
rage incubation temperatures than to hypoxia. 
Hematocrits of white-tailed ptarmigan are signifi
cantly higher than those of willow ptarmigan 
embryos at all developmental stages except hatching 
(Dragon, Carey, Martin & Baumann, submitted). 
Heart and muscle citrate synthase activities (an 
enzyme which is an indicator of capacities of the tis
sue for aerobic production of ATP) of white-tailed 
ptarmigan embryos are significantly higher at compa
rable body masses than those of embryonic willow 
ptarmigan (Carey et al., unpubl. data). However, elec
trophoretic mobility of hemoglobin does not vary sig
nificantly among the two groups (Dragon et al., sub
mitted).

When white-tailed ptarmigan eggs laid at 3,600- 
4,100 m were incubated for most of the incubation 
period at 1,600 m, hematocrit and citrate synthase 
activity in heart and muscle were indistinguishable 
from values for willow ptarmigan incubated at 720 m 
(Dragon et al., submitted, Carey et al., unpubl. data). 
Furthermore, the decrease in ATP and increase in 2,3- 
biphosphoglycerate in red blood cells of white-tailed 
ptarmigan embryos, a developmental change which 
fosters the change in 0 2 affinity of hemoglobin nec
essary for 0 2 supply to the growing embryo, occurs at 
a smaller embryonic mass in embryos incubated at 
altitudes higher than 1,600 m (Dragon et al., submit
ted). These data indicate that the higher hematocrits, 
greater activities of citrate synthase, and develop
mental timing of the appearance and disappearance 
of red blood cell organic phosphates of the white
tailed ptarmigan embryos at high altitudes are accli-

matory responses to hypoxia, rather than genetically 
fixed characteristics. Our conclusions could be tested 
by measuring these parameters in white-tailed ptar
migan embryos laid in nests at much lower altitudes 
(1,200 m) in Alaska and British Columbia (Braun et 
al. 1993).

These acclimatory adjustments of white-tailed 
ptarmigan embryos, in addition to others that may 
exist, appear to be absolutely necessary for success
ful growth and development at high altitude. When 
white-tailed ptarmigan embryos incubated for most 
of the incubation period at 1,600 m were moved to 
4,200 m, 0 2 consumption of each embryo at 4,200 m 
was ‘A- 'A of the value for the same embryo tested ear
lier in the day at 1,600 m (Carey et al., unpubl. data).

Much more remains to be learned about how the 
design of avian eggshells and the physiological prop
erties of avian embryos have been selected by multi
ple, but conflicting, requirements for gas exchange. 
The wide altitudinal distribution of ptarmigan make 
them a worthy subject for continuation of this re
search.

Acknowledgements - this study was supported by National 
Geographic Society Grant 3736-88 and 4489-91 to C. 
Carey, and grants from the Natural Sciences and 
Engineering Research Council (NSERC) of Canada and 
University of Toronto to Kathy Martin. We thank the per
sonnel of Toolik Field Station o f the University of Alaska, 
Mark Jones of the Mt. Evans Research Facility o f the 
University of Denver, and C.E. Braun of the Colorado 
Division of Wildlife for logistical support. We also thank 
the many able field assistants who helped us in the study, 
particularly Michelle Commons, Stephanie Weinstein, and 
Michele Sewolt.

References

Ar, A., Paganelli, C.V., Reeves, R.B., Greene, D.B. & Rahn, 
H. 1974: The avian egg: water vapour conductance, shell 
thickness and functional pore area. - Condor 76: 153- 
158.

Ar, A. & Rahn, H. 1978: Interdependence of gas conduc
tance, incubation length, and weight of the avian egg. - 
In: Piiper, J. (Ed.); Respiratory function in birds, adult 
and embryonic. Springer-Verlag, Berlin, pp. 227-236.

Ar, A. & Rahn, H. 1980: Water in the avian egg: overall 
budget of incubation. - American Zoologist 20: 449-459.

Ar, A. & Rahn, H. 1985: Pores in avian eggshells: gas con
ductance, gas exchange and embryonic growth rate. - 
Respiration Physiology 61: 1-20.

Braun, C.E., Martin, K. & Robb, L.A. 1993: White-tailed 
ptarmigan. - In: Poole, A. & Gill, F. (Eds.); The birds of

216 © W IL D L IFE  BIOLOG Y • 3 :3 /4  (1997)

Downloaded From: https://bioone.org/journals/Wildlife-Biology on 18 Apr 2024
Terms of Use: https://bioone.org/terms-of-use



North America. The Academy of Natural Sciences, Phil
adelphia, The American Ornithologists Union 68: 1-24.

Carey, C. 1983: Structure and function of avian eggs. - In: 
Johnston, R.F. (Ed.); Current Ornithology, Volume 1. pp. 
69-103.

Carey, C. 1986: Tolerance of variation in eggshell conduc
tance, water loss, and water content by red-winged 
blackbird embryos. - Physiological Zoology 59: 109- 
122.

Carey, C. 1996: Energetics o f female reproduction. - In: 
Carey, C. (Ed.); Avian energetics and nutritional ecology. 
Chapman and Hall, New York, pp. 324-374.

Carey, C., Dunin-Borkowski, O., Leon-Velarde, F., 
Espinosa, D. & Monge, C. 1993: Blood gases, pH and 
hematology of montane and lowland coot embryos. - 
Respiration Physiology 93: 151-163.

Carey, C., Dunin-Borkowski, O., Leon-Velarde, F., 
Espinosa, D. & Monge, C. 1994: Gas exchange and 
blood gases of Puna teal (Anas versicolor puna) embryos 
in the Peruvian Andes. - Journal o f Comparative 
Physiology B 163: 649-656.

Carey, C., Garber, S.D., Thompson, E.L. & James, F.C. 
1983: Avian reproduction over an altitudinal gradient - II. 
Physical characteristics and water loss o f eggs. - 
Physiological Zoology 56: 340-352.

Carey, C., Leon-Velarde, F., Castro, G. & Monge, C. 1987: 
Shell conductance, daily water loss and water content of 
Andean gull and Puna ibis eggs. - Journal of Experi
mental Zoology Supplement 1: 247-252.

Carey, C., Leon-Velarde, F., Dunin-Borkowski, O., Bucher, 
T.L., Torre, G. de la, Espinosa, D. & Monge, C. 1989a: 
Variation in eggshell characteristics and gas exchange of 
montane and lowland coot eggs. - Journal of Compara
tive Physiology B 159: 389-400.

Carey, C., Leon-Velarde, F., Dunin-Borkowski, O. & 
Monge, C. 1989b: Shell conductance, daily water loss, 
and water content of Puna teal eggs. - Physiological 
Zoology 62: 83-95.

Carey, C., Leon-Velarde, F. & Monge, C. 1991: Eggshell 
conductance and other physical characteristics of avian 
eggs laid in the Peruvian Andes. - Condor 92: 790-793.

Carey, C., Thompson, E.L., Vleck, C.M. & James, F.C. 
1982: Avian reproduction over an altitudinal gradient. - 1. 
Incubation period, hatchling mass, and embryonic oxy
gen consumption. - Auk 99: 710-718.

Dragon, S., Carey, C., Martin, K. & Baumann, R. submit
ted: Comparison of blood organic phosphates and hema
tocrit during development in montane and lowland 
ptarmigan embryos. - Journal o f Experimental Biology.

Howell, T.R. 1979: Breeding biology of the Egyptian 
Plover Pluvianus aegyptius. - University of California 
Publications in Zoology 113: 1-76.

Hoyt, D.F. 1976: The effect of shape on the surface-volume 
relationship of birds’ eggs. - Condor 78: 343-349.

Hoyt, D.F. 1979: Practical methods of estimating volume 
and fresh weight of bird eggs. - Auk 96: 73-77.

Inskipp, C. & Inskipp, T. 1985: A guide to the birds of 
Nepal. - Smithsonian Institution Press, Washington, DC, 
400 pp.

Martin K., Holt, R.F. & Thomas, D.W. 1993: Getting by on 
high: Ecological energetics o f arctic and alpine grouse. - 
In: Carey, C., Florant, G.L., Wunder, B.A. & Horwitz, B. 
(Eds.); Life in the cold: ecological, physiological and 
molecular mechanisms. Westview Press, Boulder, Colo
rado, pp. 33-41.

Packard, G.C., Sotherland, PR. & Packard, M.J. 1977: 
Adaptive reduction in permeability of avian eggshells to 
water vapour at high altitudes. - Nature (London) 266: 
255-256.

Paganelli, C.V., Ackerman, R.A. & Rahn, H. 1978: The 
avian egg: in vivo conductances to oxygen, carbon diox
ide, and water vapour in late development. - In: Piiper, J. 
(Ed.); Respiratory function in birds, adult and embryon
ic. Springer- Verlag, Berlin, pp. 212-218.

Paganelli, C.V., Ar, A., Rahn, H. & Wangensteen, O.D. 
1975: Diffusion in the gas phase: the effects o f ambient 
pressure and gas composition. - Respiration Physiology 
25: 247-258.

Parker, T.A., Parker, S.A. & Plenge, M.A. 1982: An anno
tated checklist o f Peruvian birds. - Buteo Press, Vermil
lion, South Dakota, 104 pp.

Rahn, H. 1977: Adaptation of the avian embryo to altitude: 
the role o f gas diffusion through the eggshell. - In: 
Paintal, A.S. & Gill-Kumar, P. (Eds.); Respiratory Adap
tations, Capillary Exchange, and Reflex Mechanisms. 
Vallabhbhai Patel Chest Institute, University of Delhi, 
Delhi, pp. 94-105.

Rahn, H., Carey, C., Balmas, K., Bhatia, B. & Paganelli, 
C.V. 1977: Reduction of pore area of the avian eggshell 
as an adaptation to altitude. - Proceedings of the National 
Academy of Sciences USA 74: 3095-3098.

Rahn, H., Paganelli, C.V. & Ar, A. 1974: The avian egg: air- 
cell gas tension, metabolism and incubation time. - 
Respiration Physiology 22: 297-309.

Seymour, R.S. & Ackerman, R.A. 1980: Adaptations to 
underground nesting in birds and reptiles. - American 
Zoologist 20: 437-447.

Sotherland, P.R., Packard, G.C. & Taigen, T.L. 1979: 
Permeability of magpie and blackbird eggshells to water 
vapour: variation among and within clutches of a single 
population. - Auk 96: 192-195.

Visschedijk, A.H.J., Ar, A., Rahn, H. & Piiper, J. 1980: The 
independent effects of atmospheric pressure and oxygen 
partial pressure on gas exchange of the chicken embryo. 
- Respiration Physiology 14: 64-74.

Wangensteen, O.D. & Rahn, H. 1970/71: Respiratory gas 
exchange by the avian embryo. - Respiration Physiology 
11: 31-45.

Wangensteen, O.D., Rahn, H., Burton, R.R. & Smith, A.H. 
1974: Respiratory gas exchange of high altitude adapted 
chick embryos. - Respiration Physiology 21: 61-70.

Wangensteen, O.D., Wilson, D. & Rahn, H. 1970/71:

© W IL D L IFE  B IO L O G Y  • 3 :3 /4  (1997) 217

Downloaded From: https://bioone.org/journals/Wildlife-Biology on 18 Apr 2024
Terms of Use: https://bioone.org/terms-of-use



Diffusion of gases across the shell o f the hen’s egg. - 
Respiration Physiology 11: 16-30.

Wiebe, K.L. & Martin, K. 1997: Effects of predation, body 
condition and temperature on incubation rhythms of 
white-tailed ptarmigan Lagopus leucurus. - Wildlife Biol
ogy 3: 219-227.

218 © W IL D L IF E  B IO L O G Y  • 3 :3 /4  (1997)

Downloaded From: https://bioone.org/journals/Wildlife-Biology on 18 Apr 2024
Terms of Use: https://bioone.org/terms-of-use


