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ABSTRACT.--I used helium-oxygen (heliox) gas mixtures (approximately 79.5% He:20.5% 
02) to study seasonal variation in cold resistance and peak rates of thermogenesis ('•o2 m• = 
maximum oxygen consumption maintained over a 10-rain period) in Dark-eyed Juncos (Junco 
hyernalis). Cold tolerance increased markedly in winter-acclimatized juncos. Heliox temper- 
atures required to induce hypothermia within 90 min in more than 50% of the birds tested 
were 4øC in summer and -9øC in winter. In winter, '•o2 m• increased significantly on both 
a per-bird and mass-specific basis. In summer, '•o2 • was 5.78 ml O2/min (20.75 ml O2.g -a. 
h-a), and 7.39 ml O2/min (23.42 ml O•.g -t. h -a) in winter. '•O•m• exceeded standard metabolic 
rate by 6.6 times, and by 6.7-7.2 times in winter. Maximal instantaneous oxygen consumption 
('•o• • = maximal l-rain •o•) under cold stress did not vary seasonally on either a per-bird 
or mass-specific basis. Mass loss rates during cold stress did not vary seasonally. Winter 
increases in '•o• • and cold tolerance characterize metabolic acclimatization in Dark-eyed 
Juncos. Received 2 May 1989, accepted 29 January 1990. 

SMALL birds that overwinter in temperate cli- 
mates show marked seasonal changes in cold 
tolerance (Hart 1962, Barnett 1970, Pohl and 
West 1973, Dawson and Carey 1976, Dawson et 
al. 1983). Seasonal variation in peak rates of 
cold-induced thermogenesis (•o2 .... defined 
here as maximal •o2 maintained over 10 min) 
in these birds has received little attention, most- 

ly because of problems associated with gener- 
ating experimental temperatures low enough to 
elicit maximum metabolism. High specific heat 
helium-oxygen gas mixtures (heliox) facilitate 
heat loss, and induce •'oz •ax at less extreme tem- 
peratures (Rosenmann and Morrison 1974). 

Consequently, heliox gas mixtures have been 
used to document winter increases in maximal 

thermogenic capacity in several mammals, in- 
cluding snowshoe hares (Lepus americanus; Feist 
and Rosenmann 1975), red-backed voles (Cleth- 
rionomys rutilus; Rosenmann et al. 1975), and 
white-tooted mice (Peromyscus leucopus; Wickler 
1980). In birds, Dawson and Smith (1986) doc- 
umented an increased •O2max in winter-accli- 
matized American Goldfinches (Carduelis tristis) 
from Michigan compared with those acclima- 
tized to spring conditions. Higher •'O2m•x in 
winter may indicate changes in the metabolic 
machinery involved in thermogenesis that in- 
crease thermogenic capacity and enable small 
birds to prolong cold resistance. However, it 
remains unclear whether seasonal variation in 

maximal thermogenic capacity is widespread 
561 

among small birds wintering in temperate cli- 
mates. 

I examined seasonal variation in cold resis- 

tance and •O2max in Dark-eyed Juncos (Junco 
hyemalis) from western Oregon. These juncos 
appear to be local migrants wintering at low 
elevations throughout the breeding range (AOU 
Check-list 1957, Bent 1968). ! measured •'o2 
and cold resistance under heliox cold stress to 

determine if thermogenic capacity varies sea- 
sonally in this species. 

METHODS 

Dark-eyed Juncos were captured by mist net near 
Corvallis, Benton County, Oregon, during June to 
August 1987 and December 1987 to February 1988. 
Birds were trapped in the morning, transported to 
the laboratory, and caged at room temperature (20- 
25øC). Food and water were provided ad libiturn. Birds 
were allowed to feed for at least 2 h before testing 
on the day of capture. Cold stress tests were con- 
ducted between 1100 and 1930. Juncos tested from 
June through August were designated summer birds. 
Those tested from December through February were 
designated winter birds. Both males and females were 
used and male to female (sexed by plumage) ratios 
were 20:15 in winter and 15:13 in summer. All birds 
tested were adults. 

I measured the rate of oxygen consumption ('•o2) 
during heliox cold stress in an open-circuit metabo- 
lism system. Metabolic chambers were fabricated from 
1-gal (3.81) paint cans with a black inner surface. Birds 
were weighed to the nearest 0.1 g with a Pesola spring 
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balance (50 g) and placed in the metabolism chamber 
which was then lowered into a water / ethylene glycol 
bath capable of regulating chamber temperature to 
+0.5øC. Chamber temperature was monitored by a 
Cole-Parmer thermocouple thermometer, previously 
calibrated to + 0.1øC with a thermometer traceable to 

the U.S. Bureau of Standards. Gas flow (premixed gas 
mixtures ca. 20.5% He:79.5% 02) into the chamber 
was initiated upon submersion into the water/eth- 
ylene glycol bath. Flow rates through the chamber 
were controlled by Cole-Parmer Precision rotameters 
(Model FM082-03ST), which were calibrated by tim- 
ing water displacement by air and heliox from a 6-1 
spirometer. Flow rates were corrected for water vapor 
pressure within the spirometer, which was measured 
with an Extech (Model 5070) humidity meter. This 
procedure allowed calibration of flow rates to + 1% 
accuracy. Flow rates varied from 900-1,025 ml/min, 
which provided approximately 0.5% difference be- 
tween influx and effiux oxygen concentrations and 
kept effiux oxygen concentrations above 19.75%. A 
Beckman Model E2 paramagnetic oxygen analyzer 
measured the fractional concentration of oxygen in 
the respiratory gas. Measurements of dry, COt-free 
efflux gas were recorded every 60 seconds. Oxygen- 
consumption values were calculated as instantaneous 
rates (Bartholomew et al. 1981). The initial 10 min of 
Qo2 measurements were deleted from calculations. 

Procedures utilized to measure standard metabolic 

rate (SMR) were similar to those for 902 under cold 
stress. Standard metabolic rate measurements were 

conducted at night after at least a 5-h fast within the 
metabolic chamber. Chamber temperature was main- 
tained within the thermal neutral zone for the junco 
(Swanson unpubl. data). Flow rates of dry, CO2-free 
air were maintained at 225-290 ml / min for SMR mea- 
surement. Standard metabolic rate was determined as 

the mean 9o2 over a 60-min period. Oxygen con- 
sumption was calculated both by steady state (De- 
pocas and Hart 1957) and instantaneous (Bartholo- 
mew et al. 1981) methods. Mean Qo2 calculated by 
the two methods differed by -<4%, so gas mixing with- 
in the chamber was considered satisfactory. I used 
steady state SMR values for metabolic expansibility 
determinations. 

Juncos were exposed to a series of decreasing tem- 
peratures in heliox until •,'o2 • was attained and hy- 
pothermia was induced in a majority of the birds. 
Exposure temperatures were 8øC, 4øC, 2øC, and 0øC in 
summer, and 0øC, -3øC, -6øC, and -9øC in winter. 

Individual birds were exposed to a single temperature 
within the series for 90 min, or until they experienced 
hypothermia (indicated by a steady decline in •o2 over 
several minutes). At the end of the test, birds were 
quickly removed from the chamber. Cloacal temper- 
ature (+ 0.1øC) was recorded with a Cole-Parmer ther- 
mocouple thermometer and 20-gauge copper-con- 
stantan wire thermocouple probe inserted to 
approximately 1 cm depth. Birds with a cloacal tem- 
perature >36øC were considered normothermic. Fol- 

lowing cloacal temperature measurement, birds were 
reweighed. 

I analyzed •o2 •ax data by averaging instantaneous 
•o2 measurements over successive 10-min intervals. 
The highest average •ro2 of these intervals was des- 
ignated as 1202ma• at the test temperature. The highest 
1-min 9o2 over the test period was considered maximal 
instantaneous metabolic rate (•,'o2 •). All values for 9o2 
were corrected to STP. 

All values are presented as œ + SD. Mean •'o2 at 
each temperature, body mass, and mass loss were 
compared by Student's t-test, or by Mann-Whitney 
U-test, when variances of mean values were unequal. 
Birds that became hypothermic in <30 min in sum- 
mer or <60 min in winter had substantially lower 
•o2 •ax than birds that remained normothermic for 
longer periods and were omitted from calculation of 
mean •'o• •. The effect of heliox ambient tempera- 
ture (T•) on body temperature (T0 was analyzed by 
one-way ANOVA. Statistical significance was accept- 
ed at P < 0.05. 

RESULTS 

Cold tolerance in winter-acclimatized juncos 
increased markedly compared with summer-ac- 
climatized juncos (Fig. 1). At 0øC in heliox in 
summer, 11 of 12 juncos tested became hypo- 
thermic before 90 minutes. In winter, all birds 
tested at 0øC remained normothermic (T• > 
36øC). A temperature of -9øC in heliox was re- 
quired in winter to induce hypothermia in > 50% 
of the birds tested. To elicit hypothermia in 
>50% of summer birds required only 4øC in 
heliox. At temperatures below 0øC in summer 
and -9øC in winter, all birds tested rapidly be- 
came hypothermic. 

Mean T• of normothermic birds after cold 
stress was 39.5 +__ 0.9øC in summer and 39.6 + 

0.4øC in winter. For normothermic birds, T• was 
not dependent on T, in heliox in either summer 
or winter. 

Mean mass at the initiation of cold stress tests 

was significantly greater (P < 0.01) in winter 
(18.2 + 1.5 g, n = 35) than in summer (16.9 +__ 
1.1 g, n = 28). Mass-specific •/o• is commonly 
assumed to account for variation in •/o• as a 
function of body mass. Hence, I report all •/o• 
on both a per-bird and a mass-specific basis. 

Standard metabolic rate was 0.87 + 0.09 ml 

O•/min (3.16 + 0.30 ml O•.g -•.h •) in summer 
and 1.03 + 0.14 ml O•/min (3.49 +-- 0.48 ml O•' 
g-•.h -•) in winter. Standard metabolic rate in 
winter was significantly greater than in summer 
on a per-bird basis (P < 0.01), but not on a mass- 
specific basis. 
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Cold tolerance in seasonally acclimatized Fig. 1. 
juncos over the 90-min test period. The numbers over 
the bars indicate sample size. In winter at 0øC all birds 
tested (n = 9) remained normothermic. 

In winter, •O2max was significantly greater 
than it was in summer on both a per-bird and 
a mass-specific basis (Table 1). In summer, 
•o2 max occurred at 2øC, but mean •o2 at 2øC was 
not significantly different from 0øC or 4øC on a 
per-bird basis (combined •o2 = 5.78 _+ 0.39 ml 
O2/min, n = 20), or from 4øC on a mass-specific 
basis (combined Vo2 = 20.75 + 1.64 ml O2-g -•. 
h -•, n = 11). In winter, •O2max occurred at -9øC. 
On a per-bird basis, •o 2 at -9øC was signifi- 
cantly greater than at other temperatures. How- 
ever, on a mass-specific basis, •o2 at -9øC was 
not significantly different from -6øC (com- 
bined •o2 = 23.42 + 1.25 ml O2-g-•.h -•, n = 
14). In summer, •O2max represents an increment 
of 6.6 times SMR in both total and mass-specific 
•o2. In winter, •o2ms increased to 7.2 times 
SMR on a per-bird basis and to 6.7 times on a 
mass-specific basis. 

Maximal instantaneous oxygen consumption 
(•o2 i) did not vary seasonally on either a per- 
bird or mass-specific basis (Table 2). In summer, 
•o•i at 2øC and at 4øC were not significantly 
different (combined •o• = 9.30 + 2.01 ml 02/ 
rain, 33.40 + 6.69 ml 02' g- •' h- •, n = 11). Winter 
•o• at -9øC, -6øC, and -3øC were not signif- 
icantly different (combined •o2 = 9.73 + 1.42 
ml O•/min, 32.35 _+ 4.97 ml O•'g -• .h -•, n = 26). 
Summer •o• exceeded SMR by 10.9 times and 
10.8 times on a per-bird and mass-specific basis, 
respectively. In winter, •o2• was 9.8 times SMR 
on a per-bird basis, and 9.6 times SMR on a 
mass-specific basis. 

Cold exposure-induced maximal rates of mass 
loss did not vary seasonally at any temperatures 
(Fig. 2). Mean mass loss values were -0.6 + 0.3 

TABLE 1. Maximal •o• sustained over a 10-min pe- 
riod (œ _+ SD) at heliox test temperatures in summer 
and winter juncos. Body masses are means for the 
treatment group. Birds that became hypothermic in 
<60 min in winter and <30 min in summer had 

substantially lower •o• and were excluded from 
calculations. 

Season / Mass •o• 
Temp. n (g) (ml / min) x SMR 

Summer 

8øC 5 17.8 5.28 + 0.23 6.1 
40C 5 17.3 5.67 + 0.42 6.5 
2øC 6 17.0 5.93 + 0.22 6.8 
0øC 9 17.1 5.75 + 0.46 6.6 

Winter 

0øC 9 18.7 6.21 _+ 0.68 6.0 
-3øC 7 18.7 6.51 + 0.46 6.3 
-6'C 8 18.2 6.95 + 0.25 6.7 
-9øC 6 18.6 7.39 + 0.35 7.2 

g per hour in summer (n = 28) and -0.6 + 0.4 
g per hour in winter (n = 35). Absolute values 
for mass loss in terms of percent wet mass were 
-3.6% per hour in summer, and -3.3% per hour 
in winter. Smaller individuals exhibited slight- 
ly decreased capacities for cold tolerance at both 
seasons (Table 3). 

DISCUSSION 

Increased thermogenic capacity in winter, in- 
dicated by augmented •o• ms, appears to be a 
feature of metabolic acclimatization in the Dark- 

eyed Junco. In addition, winter-acclimatized 
juncos exhibited a marked increase in cold tol- 
erance over summer-acclimatized juncos. Other 
small passerines exposed to severe cold also 
showed increased metabolic rates and im- 

proved cold tolerance at colder times of the year 
(Hart 1962, Pohl and West 1973, Southwick 1980, 
Dawson and Smith 1986). However, House 
Finches (Carpodacus mexicanus) in Colorado 
showed no seasonal differences in •O•ms (Daw- 
son et al. 1983), and Gray Jays (Perisoreus cana- 
densis) from Alaska had higher metabolic rates 
at -50øC in spring than in winter, although 
summer rates were lower (Veghte 1964). A win- 
ter increment of •o2 ms elicited by cold stress 
implies augmented thermogenic capacity and 
seems to be associated with increased shivering 
endurance. Enhanced shivering endurance is 
primarily responsible for increased cold toler- 
ance in other passerines (Dawson and Carey 
1976, Dawson et al. 1983). 
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TABLE 2. Maximal instantaneous oxygen consump- 
tion (•o21) at heliox test temperatures in summer 
and winter juncos. 

Season/ 

Temp. n •o2 (ml / min) x SMR 
Summer 

8øC 5 6.81 + 0.63 7.8 
4øC 5 8.41 + 1.83 9.7 
2øC 6 10.05 + 1.98 11.6 
0øC 12 8.13 + 1.09 9.3 

Winter 

0øC 9 8.26 + 1.48 8.0 
-3øC 9 9.03 + 1.50 8.8 
-6øC 8 9.72 _+ 0.79 9.4 
-9øC 9 10.44 +_ 1.53 10.1 
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Fig. 2. Mass loss rates as a function of heliox test 
temperature in seasonally acclimatized juncos. All 
values were statistically indistinguishable. 

Birds I studied exhibited a relatively wide 
seasonal fluctuation in heliox temperatures that 
elicited •o2 max' In summer, •o2 my occurred at 
0-4øC, and at -6øC to -9øC in winter. Heliox 

cold stress in seasonally acclimatized American 
Goldfinches from Michigan produced 
from 0øC to 6øC in spring and 0øC to -6øC in 
winter (Dawson and Smith 1986). 

Elevated winter •O•max might be attributed to 
differential feeding before cold stress in winter- 
acclimatized and summer-acclimatized birds. 

Winter juncos might have eaten more before 
tests, which allowed them to maintain elevated 

•o2 longer. However, fasted winter juncos also 
had increased cold tolerance (Swanson unpubl. 
obs.). I suggest that the seasonal variation in 
•o2 max and cold tolerance can be attributed to 
metabolic changes. 

Heavier Dark-eyed Juncos tolerated cold more 
effectively than small birds. For both seasons, 
only the smaller birds became hypothermic at 
higher test temperatures in heliox, while only 
the larger birds remained normothermic at low- 
er test temperatures (Table 3). Increased cold 
tolerance could be due to increased substrate 

(fat or glycogen) reserves, enhanced mobiliza- 
tion of these reserves, or both, or to some size- 

dependent effect on thermogenic abilities. 
I estimated air temperature equivalents to he- 

liox test temperatures by extrapolation. Heliox 
•o2 values were inserted into equations that 
relate •o2 to Ta (Swanson unpubl. data) and 
solved for Ta. Estimated ambient temperatures 
at •o2 m• were -69øC in summer and -125øC 
in winter. Actual air temperatures were prob- 
ably not this low as thermal conductance often 
changes with Ta. Nevertheless, juncos tolerated 

extreme cold stress (90 min maximum) far in 
excess of any temperatures experienced under 
natural climatic conditions. Extreme minimum 

temperatures are 0øC in June-August and -26øC 
in December-February in Corvallis, Oregon 
(Oregon State University Climatic Research In- 
stitute). Effective extreme minimum ambient 
temperatures are probably below these values 
because of environmental factors such as wind, 

humidity, or radiation. Cold tolerance data sug- 
gest that as long as food supplies are readily 
available, juncos probably face little danger from 
environmental cold stress. 

However, these data may inaccurately predict 
environmental cold tolerance because experi- 
mental cold exposure was acute and severe. 
Chronic exposure to more moderate environ- 
mental cold stress (i.e. "normal" winter con- 
ditions) probably necessitates prolonged ele- 
vation of metabolic rates (although not to 
maximal levels). Wind, humidity, and radiation 
might further reduce effective ambient tem- 
peratures below actual values, and necessitate 
further metabolic enhancement. Environmen- 

tal conditions most challenging to cold toler- 
ance capabilities are overnight fasting and fast- 
ing induced by severe weather that limits 
foraging. Stuebe and Ketterson (1982) predicted 
survival of fasting winter-acclimatized juncos 
at 4øC through the night, and the following day 
and night, if the birds were near the peak of 
the daily fat cycle at the onset of fasting. Colder 
temperatures would probably decrease survival 
time. Fasting capacities of summer-acclimatized 
juncos are unknown. Nevertheless, it seems 
juncos have a considerable margin of safety 
when confronted with natural cold stress. 

I calculated minimal thermal conductance 
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TABLE 3. Cold tolerance of juncos according to body mass at the initiation of cold stress. Unequal numbers 
of birds in each mass class were exposed to each heliox test temperature. Data for 0øC in winter are excluded 
because birds remained normothermic. Hypothermic and normothermic temperatures are heliox temper- 
atures that resulted in hypothermia or normothermia for birds in the specified mass class. Numbers in 
parentheses are the number of birds that remained normothermic or became hypothermic at the given 
temperature in heliox; •H is the mean time to hypothermia for birds that became hypothermic. 

Normothermic/ Hypothermic Normthermic 
Mass (g) Total temps. (øC) temps. (øC) •H (min) 

Summer 

<16 0/4 8, 2, 0 (2) -- 54.3 
16-17 2/6 2 (2), 0 (2) 4, 8 52.3 
17-18 1/7 4, 2, 0 (4) 4 52.3 

>18 4/7 2, 0 (2) 8 (3), 0 62.0 

Winter 

<17 0/1 -3 -- 36.0 
17-18 2/7 -3, -6, -9 (3) -6 (2) 58.0 
18-19 5/7 -6, -9 -3 (2), -6 (3) 61.5 

>19 8/11 -9 (3) -3 (5), -6, -9 (2) 72.7 

from 302 at heliox temperatures that elicited 
302 •ax (assuming Tb = 39.5øC and 4.85 cal/ml 
02). For winter-acclimatized juncos minimal 
thermal conductance was 2.81 mW- g - x. øC- a and 
for summer-acclimatized juncos it was 3.21 mW. 
g-•.øC-L This represents a 14.2% increase in 
conductance for summer birds and indicates that 

winter birds are somewhat better insulated. 

Values for minimal thermal conductance at 

equivalent air temperatures are 0.94 mW.g -•. 
øC -• in winter and 1.05 mW.g -•.øC-• in sum- 
mer. Conductance in heliox exceeded that in air 

by 3.0 times in winter and by 3.1 times in sum- 
mer. These values slightly exceed increments 
in heliox reported in Common Redpolls (Car- 
duelis fiammea; 2.6 x, Rosenmann and Morrison 
1974) and American Goldfinches (2.7 x, Dawson 
and Smith 1986). 

There was no seasonal variation in 302 i. Al- 
though •Zo2i probably reflects activity, it may 
represent intense short-term shivering bouts. 
Either would increase heat production over the 
short term. Apparently, changes in the meta- 
bolic machinery that produce increased 302 i are 
not important to cold tolerance in the junco, 
whereas those that elevate 302 m• are. 

Metabolic expansibility (•o2 m•/SMR; Daw- 
son and Carey 1976) for Dark-eyed Juncos- 
6.6 x in summer and 7.2 x in winter on a per- 
bird basis--is the highest yet reported for pas- 
serine birds (Rosenmann and Morrison 1974, 
Dawson and Carey 1976, Dawson and Smith 
1986, Koteja 1986). Dawson (pers. comm.) found 
winter Dark-eyed Juncos from Michigan capa- 

ble of 302 m,x equal to 6.3 x SMR. The values 
for cold-induced metabolic expansibility in the 
juncos are surpassed by those from several win- 
ter-acclimatized small mammals, which equal 
or exceed 8 x BMR (Feist and Rosenmann 1975, 
Rosenmann et al. 1975, Wickler 1980). 

Consideration of •o2 on a per-bird or mass- 
specific basis had some effect on metabolic ex- 
pansibility determinations. In winter, •o2• per 
bird was 7.2 x SMR, while mass-specific 302 •a• 
was only 6.7 X SMR. In summer, this effect 
disappeared, as metabolic expansibility on both 
a per-bird and mass-specific basis was 6.6 x 
SMR. The increase in body mass in passerines 
in winter is due largely to an increase in fat 
which is relatively inert metabolically (Dawson 
and Smith 1986). This accounts for the differ- 
ence in metabolic expansibility between per- 
bird and mass-specific 302 in winter. Thus, 
per-bird •o2 may be more appropriate than 
mass-specific 302 for seasonal comparisons 
(Dawson and Smith 1986). 

Mass loss over the period of cold stress tests 
was consistent and independent of test tem- 
perature at both seasons. Seasonal stability of 
mass-loss rates in juncos during cold stress sug- 
gests that substrate mobilization is not a factor 
that limits •o2 m•x and cold tolerance. Decreased 
cold tolerance in smaller juncos in both seasons 
(assuming that low body mass indicates low fuel 
reserves) may suggest that depletion of fuel re- 
serves beyond a certain critical level diminishes 
capacity to further mobilize metabolic sub- 
strates. However, the assumption that low body 
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mass indicates low fuel reserves is tenuous as 

birds were allowed to feed before cold stress. 

Mass-loss trends might also be explained by dif- 
ferences in feeding intensity before cold stress, 
differences in assimilation of digestive tract 
contents, or differences in respiratory water loss. 
In addition, hypothermia occurs in some pas- 
setines with substantial remaining fat stores 
(Carey et al. 1978), presumably above the pu- 
tative critical level. 
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