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Summary. The effects of ambient temperature (7,)
on ventilation and gas exchange in chukar par-
tridges (Alectoris chukar) were determined after ac-
climation to low and high altitude (LA and HA;
340 and 3,800 m, respectively).

At both LA and HA, oxygen consumption
(V0 ) increased with decreasing 7, at 7, from 20
to —20°C. At T, of 35 to 40 °C, Vo increased
above thermoneutral values at HA but remained
constant and minimal at LA. Water loss rates in-
creased rapidly at T,>30 °C at both altitudes as
birds began to pant. Ventilation rates (f) during
panting were 5- to 23-fold greater than the minimal
f at thermoneutral T,.

Increased Vo at T, below thermoneutrality
was supported by increased minute volume (V1)
at both altitudes. The change in V1 was primarily
a function of changing tidal volume (¥'1), although
Jincreased slightly as 7, declined. Oxygen extrac-
tion (Ep ) remained fairly constant at 7, below
20 °C at both altitudes. Both ¥'T and Eq, were con-
siderably lower when birds were pantmg than at
lower T,.

Chukars showed few obvious ventilatory adap-
tations to HA. The 35% change in Py between
340 and 3,800 m was accommodated by a corre-
sponding change in V1 (BTPS), most of which was
accomplished by increased f at HA, along with
a slight increase in Eo .

Introduction

The avian respiratory system must accommodate
large variations in rates of oxygen consumption

Abbreviations and symbols: HA high altitude; LA low altitude;
g, o rate of evaporative water loss; Eo, oxygen extraction efﬁ-
ciency; f respiratory frequency; VT tidal volume; V1 minute
volume; BMR basal metabolic rate; MHP metabohc heat pro-
duction

(VOZ) as heat production requirements change with
changing ambient temperature (7,). Modulation
of Vo may be accomplished by adjusting lung ven-
tilation and/or oxygen extraction efﬁ01ency (Eo,)-
Lung ventilation (minute volume, V1) is itself a
function of tidal volume (¥T) and respiration fre-
quency (f). Considerable data exist on the rela-
tionship between T, and fin birds (e.g., Lasiewski
1972), but less is known about interactions be-
tween Vo, V1, VT, and E, , particularly at very
low T, where rates of oxygen consumption are high
and it is advantageous to minimize rates of heat
loss (Bernstein and Schmidt-Nielsen 1974; Bucher
1981; Bech et al. 1984; Brent et al. 1983, 1984).
A contrasting situation occurs at high 7,, when
panting transforms the respiratory system into a
major pathway for heat loss, in addition to its pri-
mary gas exchange function.

At high altitudes, the respiratory system is chal-
lenged because of reduced oxygen availability. An
additional problem is the low T, often characteris-
tic of high altitudes. Ventilatory changes between
low and high altitude or during isobaric hypoxia
have been described for several birds (Bouverot
etal. 1976; Colacino etal. 1977; Bouverot and
Hildwein 1978; Brackenbury et al. 1982; Boggs
and Kilgore 1983 ; Bouverot 1985). However, there
are few data from acclimated, unrestrained animals
and relatively little is known about the combined
effects of altitude and temperature.

This report describes patterns of respiratory
gas exchange and ventilation in chukar partridges
(Alectoris chukar) exposed to a range of ambient
temperatures after acclimation to altitudes of 340
and 3,800 m. From an ecological and evolutionary
viewpoint, chukars are appropriate subjects for
such a study. They are native to mountainous
semidesert regions in southern and western Asia.
While chukars are not normally found at the ex-
treme altitudes reported for some birds (e.g.,
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>8,000 m for bar-headed geese, Anser indicus;
Black and Tenney 1980), wild flocks of chukars
have been observed at altitudes from near sea level
to over 4,000 m in western North America, where
they have been widely introduced. Our study ad-
dresses three major questions about respiratory
function: (1), Do chukars increase Eo_ at low T,
in order to minimize ventilation and hence respira-
tory heat loss at high V5 ? (2), Do chukars accli-
mated for several weeks to 3,800 m compensate
for the reduced P, by means of increased Eo, ,
augmented ventilation, or both? (3), Does T, affect
ventilatory parameters differently at low vs high
altitude?

Materials and methods

Animals. Chukars (n="7) were purchased as adults (mean mass
475 g, range 385-568 g) from commercial breeders. At the low
altitude site (LA ; Riverside, California; elevation 340 m) they
were housed in an aviary in an outdoor greenhouse. At the
high altitude site (HA ; the Barcroft Laboratory of the Universi-
ty of California’s White Mountain Research Station; elevation
3,800 m), birds were housed in an aviary in a well ventilated,
unheated building. Food and water were available ad libitum.
Low altitude work took place in April and May 1985 and high
altitude work was performed in August and September 1985,
following 1.5 months of acclimation to local altitude. Natural
photoperiods were used throughout the experiments.

Measurements. Metabolism was measured in a plexiglas respiro-
metry chamber (volume 11 1) placed in an environmental cabi-
net which controlled temperature +0.5°C. At each altitude,
six chukars were measured at —20, —10, 0, 10, 20, 30, and
35°C and three birds were measured at 40 °C. The T, was
measured with thermocouples in the excurrent air line at its
junction with the metabolism chamber. Birds were unrestrained
and stood on a screen-wire platform over a layer of mineral
oil which covered voided excreta. At each T,, body temperature
(T,) was obtained with a cloacal thermocouple within 45 s (usu-
ally within 20 s) after completing measurements and removing
the bird from the chamber. To check the accuracy of this meth-
od, we handled 4 chukars for up to a minute after the initial
T, measurement. Little T, change {<0.4 °C) occurred during
this interval.

Oxygen consumption, carbon dioxide production (Vcoz),
and evaporative water loss (ny,o) were determined with an
open-circuit respiromeiry system. Flow rates of dry air varied
from 2.5 l/min sTP at high 7, to 51/min sTP at 7, <0 °C, and
were regulated + 1% with mass flow controllers (Applied Mate-
rials AFC-550). A fraction of the excurrent air was diverted
through a humidity sensor (Weather Measure HT-100), dried
and passed through a CO, sensor (Applied Electrochemistry
CD-3A), passed through CO, absorbent and redried, and
passed through an O, sensor (Applied Electrochemistry S-3A).
All instruments were periodically referenced against dry air di-
verted from upstream of the respirometry chamber. The humid-
ity probe resolved 0.1% relative humidity (R.H.) and was cali-
brated over salt solutions to within 1% of actual R.H. The
CO, and O, analyzers resolved concentrations of 0.01% and
0.001%, respectively. During experiments, O, concentration
was always >20.4%, CO, concentration was always <0.5%,
and R.H. in the metabolism chamber never exceeded 40%. Ven-

tilation and gas exchange data were taken after animals had
been held at one T, for at least 1 h and Voz was low and
stable. All measurements were made during the daylight portion
of the photoperiod.

The respirometry chamber functioned as a whole-body
plethysmograph allowing simultaneous measurements of venti-
lation and gas exchange, as described by Bucher (1981). Pres-
sure changes caused by the warming and wetting of tidal air
were measured with a pressure transducer connected to a poly-
graph or microcomputer. Measurable signals in the open-circuit
system were obtained by inserting high resistance valves up-
stream and downstream of the respirometer. The pressure in
the chamber was 4-8 Torr over ambient, so that actual pres-
sures experienced by the birds were approximately 748 Torr
at 340 m and 488 Torr at 3,800 m. These chamber pressures
correspond to altitudes of approximately 100 m and 3,600 m,
respectively. The system was calibrated by serial injections of
known volumes of air into the chamber before completion of
each set of ventilation measurements at a particular T,,. Inspira-
tory tidal volume was calculated by comparing ventilation de-
flections with calibration deflections according to Malan (1973),
using a computer program that assumed lung temperature = T,
Percent oxygen extraction was calculated from V1 (=fx V1)
and V02 as E02=[V02/0.2095 1} x 100, after accounting for am-
bient humidity and CO, concentration. The CO, concentration
in expired air was calculated as [VCOZ/ 7] x 100, after account-
ing for humidity.

Unless otherwise stated, values of V02 and VCOZ are cor-
rected to sTP; VT and V1 are calculated at BTps and therefore
indicate actual volumes in the respiratory tract. STPD values
for ¥'T and V1 are shown in brackets ([]). The Eq, was computed
using STPD volumes for V1.

Data reduction and statistical tests. At a given T,, we made
two to four measurements on each bird. To avoid biasing results
in favor of individuals with many data points, a single average
value was obtained for each individual for comparisons between
different temperatures (e.g., Figs. 1 and 2). For other compari-
sons between ventilation parameters, all the data points were
used. In most cases (except at T, >30 °C), individual variation
was slight. Results are given as mean+SEM. ANOVA’s or
t-tests were used to compare means; 2-way ANOVAS were
used to examine the interactions between T, and altitude. Re-
gressions were fitted by the method of least squares. The signifi-
cance level for all tests was P <0.05.

Results

Chukars adapted well to the experimental appara-
tus and protocols. They seldom struggled or at-
tempted to escape and were often observed sleep-
ing or standing quietly on one leg. Nevertheless,
unusual noises, even of low amplitude, often elic-
ited sudden changes in respiration rate lasting from
a few seconds to several minutes.

Body temperature and water loss

Body temperatures showed significant differences
(P=0.004), but little absolute variation, over a
wide range of T, (Fig. 1A). At LA, T, varied from
a minimum of 40.1+0.4 °C at T,=0 °C to a maxi-
mum of 42.2+0.19 °C at 7,=40 °C. At HA, T}
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was even more stable, ranging between 40.4+
021°Cat T,=—20°C and 41.74+0.17 °C at T,=
35 °C. When T, was below 35 °C, Ty’s at HA were
always slightly but significantly higher (by 0.5 to
0.8 °C) than at equivalent 7, at LA.

We calculated riy o at all T, of 0 °C or greater
(at subzero T,, measurements were inaccurate be-
cause water vapor froze onto the metabolism
chamber walls). Water loss rates were low between
0 and 30 °C, but increased at higher T, (Fig. 1B).
At 0 °C there was no difference in rry o between
LA and HA, but at higher T, iy o was always
significantly lower at HA. The maximum observed
my,o (at 40 °C) was about 0.85% of body mass
per hour at LA and 0.53% of body mass per hour
at HA.

Oxygen consumption and carbon dioxide production

At both LA and HA, VO was minimal at T,=
30 °C and increased with decreasmg T,. There was
a significant effect of altitude (Vo2 at HA was
greater than corresponding LA values at all T,<
30 °C), but no significant interaction between T,
and altitude (2-way ANOVA; Table 1). The ther-
moneutral zone extended from 20 °C to 30-35 °C
at HA and from 20 °C to at least 40 °C at LA.
Resting metabolism at 30 °C was about 0.0137+
0.0009 ml/[g-min], about 85% of predicted day-
time BMR of a 475 g nonpasserine (Aschoff and
Pohl 1970) and 94% of predicted BMR for a galli-
form bird of similar mass (data in Bucher 1986).

Carbon dioxide production closely paralleled
Vo at all combinations of temperature and alti-
tude. The respiratory exchange ratio (R) averaged
over all T, was 0.90 +0.018 at LA and 0.8640.024
at HA. The difference is significant (P=0.011), but
at any particular T, the R at HA was never signifi-
cantly different from the corresponding value at
LA.

Non-panting ventilation

Ventilation Jarameters are plotted against 7, in
Fig. 2 and Vo in Fig. 3. To facilitate comparisons
between altltudes Figs. 2B and 2D show the VT
and V1 data for 3,800 m when corrected to the
barometric pressure at 340 m, in addition to the
BTPS data.

Tidal volume was strongly and inversely corre-
lated to T, at both LA and HA (Fig. 2B). The
change in VT with T, was greater at LA : at —20 °C
the VT was approximately twice the 30 °C value
at LA, but at 3,800 m the —20 °C VT was only
54% greater than VT at 30 °C. Nevertheless, a
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Fig. 1. A Body temperature of chukars at low and high altitude
at different ambient temperatures. Vertical lines indicate
2 SEM; n=6 individuals for all ambient temperatures except
40 °C, where n=3. B Evaporative water loss of chukars at low
and high altitude at different ambient temperatures. Symbols
and sample sizes as above

Table 1. Results from 2-way ANOVAS showing significance
levels for the individual and combined effects of ambient tem-
perature and altitude on ventilatory parameters in chukars. The
data set included six temperatures (—20 to 30 °C) and two
altitudes (340 and 3,800 m); six birds were measured at each
combination of T, and altitude

Source Vo, 1) I " Eq,

Temperature 0.000 0.000 0.066 0.000 0.014
Altitude 0.002 0384 0.214 0.000 - 0.000
Interaction 0422 0.052 0.036 0.089 0.059

2-way ANOVA revealed no significant effects of
altitude, and no interaction effects between T, and
altitude for non-panting birds (Table 1). Signifi-
cant positive relationships between VT and Vo oc-
curred at both altitudes (r>=0.445 at LA; r?=
0.486 at HA; Fig. 3C, 3H).

Ventilation frequency changed only slightly be-
tween —20 and 30 °C at either altitude. The f at
—20 °C was significantly higher (by a factor of
about 1.5) than the minimal f observed in thermo-
neutrality at each altitude (23.3 +0.9 breaths/min
at 20 °C at 340 m, and 28.0+1.6 breaths/min at
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30 °C at 3,800 m). At all T, below 20 °C, the f
at 3,800 m was higher by a factor of 1.2-1.36 than
the corresponding f at LA. However, 2-way AN-
OVA showed no significant effects of either T, or
altitude on £, and a marginally significant interac-
tion term (Table 1). The relationship between fand
VO was weak but significant at both altitudes, with
only a slight tendency for higher f at high Vo

(r?=0.137 at LA ; ¥*=0.224 at HA; Fig. 3B, 3G)

Minute Volume was strongly affected by both
T, and altitude, but significant interactions were
not oberved between —20 and 30 °C (Table 1).
The V1 was minimal at 20 and 30 °C at LA and
HA, respectively, and increased at higher and
lower T, (Fig. 2D). At —20 °C, V1 was 2.7 times
greater than the minimal value at LA (408+11
vs. 150415 ml/min [353 and 130 ml/min STPD]);
at HA, V1 changed 2.4 times from its minimal
value (438423 vs. 182 +9 ml/min [266 and 110 ml/
min STPD]). As with VT, Vi was 51gn1ﬁcantly corre-
lated to V02 (r*=0.590 at LA; r*=0.638 at HA;
Fig. 3D, 31).

The relationship between VT and f is shown
in Fig. 4. When birds were not panting, f remained
below 70 breaths/min and there was considerable
variability in V1. The largest VT (12-20 ml) were
associated with low f (17-40 breaths/min); at f be-
tween 45 and 65 breaths/min the maximum VT
was somewhat reduced. Throughout the range of
f, there was little difference between the V'T data
from LA and HA.

Ventilation during panting

At LA, several individuals panted intermittently
at 30 °C and all birds panted vigorously at higher
T, ; in contrast, at HA panting was never observed
at 30 °C. The f during panting increased by 5 to
23 times minimal values, attaining rates of 500-600
breaths/minute at 40 °C. We found no significant
difference in f between HA and LA at T,’s of 30 °C
and above. The VT of panting birds was very low
(1.5-5.5ml). Nevertheless, ventilation increased
rapidly as birds began to pant, and at 7,=40 °C,
V1 was 1,007+114 ml/min and 782448 ml/min
[871 and 475 ml/min sTPD] at LA and HA, respec-
tively.

Oxygen extraction

Oxygen extraction was significantly affected by
both altitude and T, (Table 1; Fig. 2E, 3E, 3J),
but the interaction term was not significant for
nonpanting birds. At T, of —20 to 30 °C, E,, aver-
aged 22.5% +0.7% at LA and 28.3% +0.6% at
HA (P<0.0001). During panting (7, 35-40 °C),
EO averaged 11.2% +1.6% at LA and 14.83% +
1.2% at HA (P=0.045), reaching minimum values
of 2-3% at LA and 7-8% at HA. Somewhat sur-
prisingly, Eo_showed weak or non-significant rela-
tionships to V1 and £ at both altitudes, except for
the decreased Eo, during panting. The relationship
between Eg, and V1 was clearer (Fig. 5). The high-



M.A. Chappell and T.L. Bucher: Temperature, altitude, and ventilation in chukars 133

340 meters 3,800 meters

480l -. Ventilation Frequency | : 3
asol- i - f
¢ .
240} * . - , ¢
£ ’ v
E 120 'e o
3 IA . . [F .
£ o .,w.qam» SEVAS AR e oo
=
8 60 Ventilallon Fraquoncy - - .
b . L]
£  45f . - . . . -
ﬂ: Y .1’ '; ~"':. -: -:;: ": .t .
sor * e " oy '. r o}‘:' go Vo
e Py .
15 B —G
0 1 { ! 1 1 ! { 1
. -
201 tigal Volume
151 . L
v:_ _'= o 'n". . .
E 10 DXk P L ‘, . S esme .
i . »}'F,zfr:{z;'.' S Ry
5k . o, - %
2 %, .
0 C ] "“. 1 | 1 H |y ) 1
Minute Volume
1200 . B
c T ’
' 800 . - .
= ' . i M
E 4. Y . o ey e
T A e LY
D ~¢ Eor e L | -
o L 1 1 1 ) L 1 i
P Oxygen
36 .S 1) Extraction | ¢
* eee PR , »
24 ?-i‘ '-‘:'-.'.,'- . ’ :i: e .
R I~ % eleq B 7 it
HaNeE . . I
et . .'44‘0' 20 o=
12 % l:' . o ‘: "
o .
E et 2 J
0 L 1 L 1 L 1 L I

Oxygen Consumption mi(g- min)

Fig. 3A-J. Respiratory parameters of chukars at low and high
altitude, plotted as a function of oxygen consumption. Oxygen
consumption is expressed at sTP; all respiratory volumes BTPS.
Figs. 3B and 3J are enlarged versions of 3 A and 3F, respective-
ly, showing non-panting ventilation only

20} ¢
- 20} °
£ 15+ .
=~ Y Q.Q %
o 15 | . 5
: ) ‘g‘kg 53
]
- W 3 e g
) st k v 0
> 10 ¢ °
s o . ,
o 0 30 60
5 .
. .
o ‘. ° ..
o %% 0@ gooe © .8 2 .
0 I iy 'y 1
[o] 120 240 360 480 600

Ventilation Frequency (breaths/min)

Fig. 4. Tidal volume (BTPS) expressed as a function of ventila-
tion frequency at 340 m (closed circles) and 3,800 m (open cir-
cles). The insert shows an enlarged version of the data for non-
panting ventilation frequencies

a0l ‘. o 3,800 meters

OO
~ L]
® . ° .o ¢ 340 meters
SRS §o§°

(14 o

S 3of w%a og0
3 e ¢
g 251 i
S 20f o °

-
& 15" [ %4 o‘bé
o o
%z 1of * * o 6 o
s 1 %, e

L) e o ®

i 1 | 1 Il 1 i
00 200 400 600 800 1000 1200 1400

Minute Volume (ml)

Fig. 5. Oxygen extraction expressed as a function of minute
volume (BTPS)

est Eg, occurred at low to moderate V1, with rapid
decline at the high V1 associated with pantmg

The concentration of CO, in expired air closely
paralleled the Eq_ values as T, changed (Fig. 2F),
remaining between 3% and 5% except when birds
were panting.

Discussion

In chukars, the lowest ventilation frequencies oc-
curred within the thermoneutral zone (i.e., Vo

constant and minimal). At LA the minimum f (23. 3
breaths/min) was approximately as predicted for
a resting 475 g nonpasserine (Lasiewski 1972) but
less than expected for an unrestrained bird of like
mass (Bucher 1985). These comparisons must be
interpreted cautiously. Most allometric analyses of
ventilatory parameters (e.g., Lasiewski 1972) have
been based on measurements in thermoneutral but
otherwise unspecified conditions. Ventilatory pa-
rameters may change dramatically within the ther-
moneutral zone (e.g., many birds pant without sig-
mﬁcantly increasing V7, ,)» S0 it is difficult to deter-
mine a proper basis for comparison (Bucher 1985).

Temperature effects on ventilation

For T, at or below thermoneutrality, chukars ac-
commodated changing oxygen demands for heat
production prlmarlly by adjusting total ventilation
(¥1). Changes in Eo, were relatlvely unimportant
(Fig. 2, 3). Most of the change in V1 was accom-
phshed by modulating Vr, although f increased
at high Vo (particularly at 3,800 m).

Other birds show a variety of ventilatory pat-
terns at different 7,. Pigeons (Columba livia; Bech
et al. 1985), prairie falcons (Falco mexicanus; Kai-
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Fig. 6. Typical ventilation traces from panting chukars, showing
high frequency, low volume respiratory movements periodically
interrupted by deep ventilations (* flushouts”)

ser and Bucher 1986) and parrots (Bolborhynchus
lineola and Amazona viridigenalis; Bucher 1981,

1985) respond similarly to chukars: hlgh thermo-
genic Vo is accommodated by increases in V1, with
relatlvely high and stable Eo_. Atlow T,, Eo, may
decline slightly (however, except for the present
study, none of these investigations included
T, <0 °C). The change in V1 is mostly due to mod-
ulation of V1 with relatively stable f in Columba,
Alectoris, Falco, and Amazona; in Bolborhynchus
the reverse is true. In contrast, mallard ducks (Anas
platyrhynchos; Bech et al. 1984) and European
coots (Fulica atra; Brent et al. 1984) are considera-
bly more reliant on adjustments of Eqg . In Fulica,

V1 increases only 50% as T, is reduced from ther-
moneutrality (20-30 °C) to —25°C, but Ep, in-
creases by a factor of 2.4 (from 18 to 42%) over
the same range of T,. The pattern in 4nas is quali-
tatively similar. In both Fulica and Anas at
T,<0°C, the change in V1 results from a relatively
larger increase in f than in V1. The diversity of
responses observed in the relatively small number
of birds that have been studied suggests that the

avian ventilatory system shows great flexibility in
mechanisms for coping with changing thermogenic
oxygen demand.

High Eq_ at T, below thermoneutrality is often
interpreted as an adaptation to reduce respiratory
heat loss (Johansen and Bech 1983). Such an adap-
tation might be valuable for chukars, which regu-
larly experience severe winter cold in their natural
habitats. Accordingly, we calculated rates of respi-
ratory heat loss for chukars at low T,. At —20 °C,
the metabolic heat production (MHP) is about
305 J/min at LA. We did not measure expired air
temperature but assume it was near 0 °C, as re-
ported for the European coot at T, below 0 °C
(Brent et al. 1984). If so, chukars at 340 m exposed
to —20°C lost about 5.0 J/min as respiratory
water loss (assuming expired air was saturated),
and approximately 10.1 J/min as heat transferred
to tidal air and not recovered on exhalation. Respi-
ratory heat loss was thus 5% of total heat loss.
At 3,800 m, the corresponding values were: MHP,
335 J/min; respiratory water loss, 5.4 J/min; heat
loss from warming tidal air, 7.3 J/min; respiratory
heat loss 4% of total heat loss. We conclude that
respiration is not a major avenue for heat loss in
Alectoris at low T,, although the E, of chukars
(18-24% at —20 °C) is relatively modest compared
to values reported for other birds (e.g., 42% at
—25°C in the European coot; Brent et al. 1984).
Even if chukars doubled their Ey , they would re-
duce MHP requirements by only 2-3% at —20 °C.

In addition to winter cold, chukars must deal
with high heat loads during the summer. During
panting, Eq, is low because the birds are moving
large vyolumes of air to facilitate evaporative heat
loss. The transition from a low-volume, high Eo,
ventilatory mode into a high-volume, low Eo,
mode occurred at 7, between 30 and 35°C
(Figs. 1, 2). The greatly elevated V1 during panting
was due entirely to a 5- to 23-fold increase in f,
which is similar to f increases of 29-, 26-, and
23-fold, respectively, in the mute swan Cygnus olor
(Bech and Johansen 1980), Pekin duck (Bouverot
et al. 1974), and greater flamingo Phoenicopterus
ruber (Bech et al. 1979).

The VT during panting was considerably lower
than during normal ventilation in chukars, and
was only slightly larger than the predicted 1.6 ml
tracheal volume (i.e., anatomical dead space) for
a 475 g nonpasserine (Lasiewski and Calder 1971).
We often observed occasional large ventilations
during sustained panting, or panting superimposed
on low-frequency, high-volume respiration
(Fig. 6). Similar patterns have been reported for
panting pigeons (Ramirez and Bernstein 1976),
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pekin ducks (Bouverot etal. 1974), flamingos
(Bech et al. 1979), and domestic fowl Gallus domes-
ticus (Gleeson 1985). Because f is high in panting
chukars, the contribution of deep breaths to over-
all V1 is minor (approximately 5-10% at 7,=
40 °C). Ramirez and Bernstein (1976) and Bech
et al. (1979) point out that restricting ¥'T to dead
space volume during panting would ameliorate the
potential for hypocapnia during hyperventilation.
Periodic deep breaths (‘flushouts’) may allow ade-
quate pulmonary gas exchange, which might other-
wise be compromised during panting by the low
mean VT,

Effects of high altitude

Physiological compensation for the reduced partial
pressure of oxygen at high altitudes may involve
increased ventilation, increased oxygen extraction
from tidal air, or both. Many avian species and
several mammals apparently use increased ventila-
tion as the primary compensatory mechanism at
high altitudes (Lenfant 1973; Frisancho 1975;
Bouverot 1985), although few studies have in-
cluded long-term acclimation. The change in V1
at HA is accomplished in various ways. Humans
depend primarily on increased VT (except at ex-
treme altitudes), while deer mice rely almost exclu-
sively on increased f (Chappell 1985). Pigeons
change both VT and f approximately equally when
acclimated to 4,000 m (Bouverot et al. 1976). In
contrast, bar-headed geese (Anser indicus), which
fly at altitudes exceeding 8,000 m, show little
change in V1 between sea level and 6,100 m, relying
instead on increased Ep, to maintain VOZ (com-
puted from Table 6 in Black and Tenney 1980).
Bar-headed geese substantially increase ventilation
rates only when altitudes exceed 7,000-8,000 m.
Chukars compensated for the 37% reduction
in oxygen partial pressure at 3,800 m mainly by
a matching increase in V1 (Fig. 2D). In this respect
they are similar to the majority of birds and mam-
mals thus far studied. Elevated V1 in chukars was
accomplished by increasing f, with only minor
changes in V't (Fig. 2B, 2C). In addition to the
greater ventilatory flow at HA, a slight increase
in Eq,, averaging about 4-5%, was also apparent.
Besides these adjustments, chukars showed
remarkably few changes in respiration and ventila-
tion after 1.5 months of acclimation to 3,800 m.
Few interactive effects between altitude and tem-
perature were noted at thermoneutral or lower
temperatures. The most significant interaction oc-
curred in panting birds. At HA, panting began at
higher 7, and involved lower V1 than at LA

(Fig. 2). This implies that the thermoregulatory
drive for panting at high 7, may be inhibited by
requirements for adequate gas exchange at the low
Po, at HA, as reported for pekin ducks (Bouverot
and Hildwein 1978). However, in chukars exposed
to T,=40 °C, the T, at HA was lower than at
LA, suggesting that the HA birds were not experi-
encing significant heat stress.

Oxygen consumption was slightly higher at HA
(except at 20 and 30 °C). The difference could re-
flect higher costs of breathing at HA, due to the
increase in V1. This hypothesis is not supported
by data obtained from panting birds (when ventila-
tory costs were presumably maximal). Here, V1 was
greater at LA than at HA, but the opposite was
true for Vo, (Fig. 2A, 2D). Increased Vo at HA
might also result from reduced insulation, as our
birds were molting during the experiments at HA.
Reduced insulation could also account for the
lower V1and ¥y, o Of panting chukars at HA. Insu-
lation decreases during molt because of near-sur-
face vascularization in growing feathers and be-
cause of reduced plumage density (Lustick 1970).
Molt may also explain the elevated T}, we observed
at HA (Newton 1968).

In summary, chukars adjust several ventilation
parameters as oxygen demand and oxygen avail-
ability change. As T, decreases, increasing oxygen
demand is accommodated by increases in Vi,
which is accomplished primarily through increased
J'T with minor changes in /. Reduced oxygen avail-
ability at high altitude is accommodated primarily
by matching increases in Vi, which are attained
primarily by increased f with relatively unchanged
J'T when compared to similar 7, at low altitude.
The increase in V1 at high altitude is accompanied
by minor increases in Eq_. The overall ventilatory
response to changing 7, is similar at both high
and low aititude.
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