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ABSTRACT.--Greater Snow Geese (Chen caerulescens atlantica) may face periods of complete 
food deprivation during incubation in the High Arctic. We studied the ability of these birds 
to withstand a prolonged fast. We measured rate of mass loss, patterns of carbohydrate, lipid 
and protein utilization, and changes in resting metabolic rate in 11 captive geese subjected 
to complete food deprivation. Geese lost 44% of their initial body mass during fasting periods 
that ranged from 19 to 42 days (mean 34 days). The rate of mass loss reflected the three phases 
commonly associated with the changing rates of lipid and protein catabolism in homeo- 
thetins. Phase I (11 days) was characterized by a decreasing rate of body-mass loss and a rapid 
increase in plasma fl-hydroxybutyrate level, indicating body-lipid mobilization. During phase 
II (22 days), the rate of body-mass loss stabilized at a low level. Plasma concentration of 
fl-hydroxybutyrate peaked in the first half of phase II and then decreased. Plasma uric-acid 
level, an index of protein catabolism, increased during the second half. Resting metabolic 
rate of fasting geese was reduced by 38% below the pre-fast value, more than predicted from 
body-mass decrease alone. Phase III (3 to 4 days) was characterized by an increase in the 
daily rate of mass loss. Plasma concentration of uric acid increased markedly, while fl-hy- 
droxybutyrate values remained low and stable. Glycemia and total plasma protein level also 
started to fall. Greater Snow Geese did not tolerate fasting as long as larger birds, like 
penguins, probably because they were less efficient in sparing their protein reserves during 
phase II. Greater Snow Geese endurance of fasting may be limited by their use of flight, 
which ultimately limits their capacity to carry the large fat reserves required for prolonged 
fasting. Received 30 April 1991, accepted 13 January 1992. 

IN WILD BIRDS, fluctuations in food availability 
may impose fasting for more or less predictable 
periods of time. Energy requirements of small 
passerines allow them to tolerate fasting in win- 
ter for only 10 to 37 h before dying (Kendeigh 
1945, Ketterson and King 1977), but large birds 
of prey may be deprived of food for 11 to 13 
days and remain in good health (Hatch 1970, 
Garcia-Rodriguez et al. 1987). Even in the pres- 
ence of food, some species may fast because 
feeding conflicts with other important activi- 
ties. Red Jungle Fowl (Gallus gallus; Mrosovsky 
and Sherry 1980), most penguins and petrels 
(Croxall 1982, Cherel et al. 1988b), and many 
Arctic- and temperate-nesting anatids (Korsch- 
gen 1977, Krapu 1981, Mainguy and Thomas 
1985, Thompson and Raveling 1987, Ankney 
and Afton 1988, Parker and Holm 1980) greatly 
reduce their food consumption during egg lay- 
ing and incubation. In these birds, only one 
parent incubates and it is not fed by its mate. 
Fasting endurance may have an adaptive value 
and be a key determinant of reproductive suc- 
cess in species facing a negative energy balance 
during nesting. 

The reproductive success of nesting geese de- 

pends largely on the quality of nest attendance 
by females during incubation (Murphy and Boag 
1989). To reduce risks of predation and intra- 
specific nest parasitism, females stay on the eggs 
and feed little from laying to hatching (Ryder 
1970, Ankney and Macinnes 1978, Raveling 
1979, Aldrich and Raveling 1983, Prop et al. 
1984, Mainguy and Thomas 1985, Thompson 
and Raveling 1987). Males do not incubate, but 
assume most of the territorial defense and also 

reduce their food intake (Inglis 1977, Stroud 
1982). They lose weight, though to a much less- 
er extent than females (Ryder 1975, Ankney 
1977, Owen and Wells 1979). 

In Lesser Snow Geese (Chen caerulescens caeru- 
lescens), females feed very little after complet- 
ing laying. Without sufficient energy reserves 
to endure a long fast, some females do not com- 
plete incubation and may even die before its 
termination (Harvey 1971, Ankney and Mac- 
Innes 1978). Greater Snow Geese (Chen caerules- 
cens atlantica) presumably also become anorexic 
during their 24-day incubation period (Lemieux 
1959), although their nesting behavior is large- 
ly unknown. 

Despite the obvious importance of fasting in 
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the life history of many species of birds, little 
is known about the behavioral and metabolic 

adaptations to food deprivation. This contrasts 
with the large number of studies dealing with 
foraging or feeding ecology. In the family Anat- 
idae, physiological responses to long-term fast- 
ing have been studied only in Common Eiders 
(Somateria mollissima; Korschgen 1977) and do- 
mestic geese (Anser anser; Benedict and Lee 1937, 
Le Maho et al. 1981, Robin et al. 1987). Le Maho 
et al. (1981) and Robin et al. (1987) have de- 
scribed three phases associated with changes in 
the relative rate of mass loss, and the nature 
and quantity of fuels oxidized in fasting geese. 
These three phases have also been recognized 
in at least one other group of birds, the pen- 
guins (Cherel et al. 1987, 1988a, c, Robin et al. 
1988), and in mammals such as rats (Goodman 
et al. 1980, Lowell et al. 1986). 

In fasting domestic geese, phase I is short (3 
to 8 days) and appears as an "adaptation" pe- 
riod, where proteolysis is progressively re- 
duced while fat mobilization increases (Le Maho 
et al. 1981). During this period, daily rate of 
mass loss and resting metabolic rate also de- 
crease progressively. Phase II is the longest pe- 
riod (23 to 35 days), during which rates of mass 
loss and metabolism remain low and fat be- 

comes the main fuel. This permits the conser- 
vation of body proteins, which have not only 
caloric properties, but also vital structural and 
regulatory roles (Griminger and Scanes 1986, 
Owen 1989). Whereas phase II can be called an 
"economy" phase, phase III (up to 10 days), 
where body proteins are no longer spared and 
the daily rate of mass loss increases, corre- 
sponds to a "critical" period, although these 
physiological changes can be reversed. 

Changes in certain blood metabolites are in- 
dicative of the type of energy reserves used 
during the three phases described for pro- 
longed fasting. Plasma uric-acid concentration 
is an index of protein catabolism, because birds 
excrete mostly uric acid as an end product of 
metabolized nitrogen (Griminger and Scanes 
1986). Also, fl-hydroxybutyrate (fl-OHB) is one 
of the ketone bodies produced after partial ox- 
idation of the fatty acids resulting from tri- 
glyceride hydrolysis. In birds, plasma levels of 
fl-OHB are subjected to greater variation than 
those of acetoacetate, and are related to lipid 
catabolism (Le Maho et al. 1981, Cherel et al. 
1988b). Total plasma-protein concentration re- 
flects the balance of circulating proteins, their 

release by muscle tissues, their synthesis by the 
liver, and their degradation. 

The aims of our study were to investigate the 
ability of Greater Snow Geese to withstand a 
prolonged fasting period and to determine their 
patterns of carbohydrate, lipid and protein uti- 
lization in relation to the duration of the fast. 

Based on previous work on fasting birds (sum- 
marized in Le Maho 1983), we hypothesized 
that fasting geese should be able to: (1) maintain 
their glycemia and blood proteins; (2) minimize 
their use of body proteins; (3) increase their use 
of fat reserves; and (4) reduce their metabolic 
rate. To test these hypotheses, we measured 
changes in body mass, resting metabolic rate, 
and blood composition in geese fasting under 
controlled conditions. 

METHODS 

Study animals.--Sixteen adult geese, eight of each 
sex, were captured during spring migration along the 
St. Lawrence River estuary (Qu6bec, Canada) in 1987 
and 1988. Fasting experiments were conducted from 
18 September to 21 November 1989, when birds were 
not molting, to eliminate changes in blood metabo- 
lites related to feather production (Mori and George 
1978, Cherel et al. 1988a). During experiments, the 
birds were housed in individual cages (1 m 3) under 
a 12 L/12 D cycle at 20 to 24øC. Experiments on captive 
Greater Snow Geese were approved by the local An- 
imal Protection Committee, which follows the guide- 
lines issued by the Canadian Council of Animal Pro- 
tection. Handling of geese was reduced to a minimum 
and performed only by trained staff to minimize stress. 

Geese were acclimated to cages and manipulations 
during a pre-fast period of 36 days. During the last 
10 days of this period, body mass, total lipid, resting 
metabolic rate, and hematologic variables were mea- 
sured, and their average values were used as reference 
values for fed geese. Afterwards, 11 geese (6 males 
and 5 females) were deprived of food, while the re- 
maining 5 birds served as a control group. Fatter geese 
were chosen as fasting subjects because prelaying 
Lesser Snow Geese typically have large endogenous 
reserves (Ankney and Macinnes 1978). Before and 
after the fast, geese were fed ad libitum with a com- 
mercial fowl mash (containing a minimum of 20% 
protein and 2.5% fat; Ralston Purina Canada, Inc.) and 
oat grain, and they received vitamin supplements. 
Water was provided at all times. 

The fast was stopped two to four days after the birds 
reached phase III of long-term food deprivation (Le 
Maho et al. 1981, Robin et al. 1987, Cherel et al. 1988b). 
This stage was reached after 19 to 42 days of fast 
depending on individual birds (see results). How- 
ever, three geese were fed just at the end of phase II 
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to ensure their well-being. One of these was showing 
signs of hypotensive episodes, as observed during 
long-term starvation in humans (Gries et al. 1977). 
The first bird to enter the critical phase died six days 
later, although refeeding had been attempted. One 
more goose died even though it had been successfully 
refed three days after entering phase III. This bird 
was found to have liver necrosis, which has also been 

noted in humans after a protracted fast (Cravario et 
al. 1975). These two geese were autopsied and their 
fat and protein content was determined following the 
methods of Gauthier et al. (1984a, b). 

Blood sampling and body-mass measurement.--To avoid 
the high risks of anesthesia during implantation of 
catheters (Goelz et al. 1990), as well as possible in- 
juries during catheter removal by the goose, blood 
was sampled by venous punctures. The tarsal and 
jugular veins were less subjected to hemorrhage or 
hematoma than wing vessels. Blood (3-5 ml) was col- 
lected in heparinized syringes, between 0900 and 1100, 
and stored immediately at 0 to 4øC. During the pre- 
fast period, blood samples were obtained at three-day 
intervals. During the fast, they were taken every 
morning for the first five days, when hematological 
changes were expected to be most rapid, and every 
second or third day thereafter. Blood samples were 
also taken each week in the five control-fed birds. 

Geese were weighed at each blood sampling with 
a platform balance (accuracy ñ 5 g). Total fat reserves 
were estimated prior to fasting, using the condition 
index described by Gauthier and B•dard (1985). 

Blood analysis.--For assays of plasma protein and 
uric acid, plasma was obtained by centrifugation of 
blood samples at 1,000 x g during 20 to 25 min at 
4øC. For fi-hydroxybutyrate determination, blood was 
deproteinized with an equivalent volume of ice-cold 
perchloric acid 10% W/V before centrifugation. The 
supernatant was neutralized with potassium hydrox- 
ide 20% W/V and centrifuged. All plasma samples 
were stored at - 15øC until the assays. Hematocrit was 
obtained by centrifugation (10 min, 14,000 x g) in 
standard microtubes. 

Plasma concentrations of uric acid (Scheibe et al. 
1974) and fi-hydroxybutyrate (Williamson and Mel- 
lanby 1974) were determined using enzymatic reac- 
tions with reagents from Sigma Co. Total plasma pro- 
teins were assayed colorimetrically using 
bicinchoninic acid (Smith et al. 1985). Reagents and 
protein standards were from Pierce Co. Glycemia was 
measured in whole-blood droplets with a portable 
glucometer (Ames Glucometer II, Miles Co.). 

Metabolic-rate determination.--We measured resting 
metabolic rates in 10 geese (5 of each sex). During the 
pre-fast period, the birds were unfed for 18 h prior 
to measurements, enough time to obtain the postab- 
sorptive state (Benedict and Lee 1937, Smith and Prince 
1973). During phase II of prolonged fasting, after 15 
to 21 days of total food deprivation, metabolic rates 
were measured again on the same individuals. To 

accustom the goose to the experimental apparatus, the 
bird was placed in the metabolic chamber at least 
2 h before the start of the experiment. The metabolic 
chamber volume was 73 L, allowing the bird to lie 
down or stand up, and find a comfortable position. 
It was built of Plexiglas and painted flat black inside. 
Air temperature (22-25øC) and gas composition in the 
chamber were homogenized by a small fan. Air was 
drawn through the cage at a mean flow rate of 6.1 
L/min (at STP). 

The rates of oxygen consumption (1202) and carbon 
dioxide production (12CO•) were measured in an open- 
circuit system. The air was desiccated with Drierite 
before passing through a paramagnetic O2 analyzer 
(model E2; Beckman Instruments) and an infrared 
CO2 analyzer (model IR-215; Beckman Instruments). 
Readings were made every 5 min over a period of 125 
min (range 70-180 min). Analyzers were calibrated 
before and after each experiment with standard gases 
and pure nitrogen. The !202 was calculated according 
to Tucker (1968) for measurements made during the 
most stable consecutive 25 min, usually toward the 
end of the experiment. 

Data analysis.--To determine the length of the three 
fasting phases, linear regressions of daily rate of mass 
loss on time were fitted for each phase (Fig. 1). The 
transition point between each phase was defined as 
the point that maximized R-square values of regres- 
sion lines on either side. Moreover, transition be- 

tween phases II and III was easily recognized by a 
change of the slope from negative to positive. Results 
in a number of the figures are scaled to a period (35 
days) representative of the average length of fasting. 
This facilitates the interpretation of changes in he- 
matological variables as the length of fast varied among 
individual geese (see results). 

A Wilcoxon matched-pairs signed-rank test was used 
when comparing the same individuals at different 
stages of the fast, while a Mann-Whitney U-test was 
used when comparing fasting geese with the control 
(fed) group. The Kendall's coefficient was used to test 
rank correlations and the relation between two vari- 

ables (Sokal and Rohlf 1981). The means are presented 
with the corresponding standard error of the mean 
(SE). Significance level (P) was 0.05 for all statistical 
tests. 

RESULTS 

No statistical differences were found between 

males and females for any of the measured vari- 
ables. Therefore, data for the two sexes were 

pooled. 
Duration of fast and body-mass loss.--Initial body 

mass and total fat reserves of the 11 fasted geese 
averaged 2.88 + 0.06 kg (range 2.49-3.18 kg) 
and 20.3 + 0.9% of the body mass (range 17.6- 
26.5%), respectively. These values are similar to 
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Fig. 1. Changes in (A) body mass and (B) rate of 
mass loss (relative to the initial body mass) in a fasting 
Greater Snow Goose. 

those found in Greater Snow Geese leaving the 
St. Lawrence River after the spring migration 
halt (Gauthier et al. 1984b). Body mass and total 
fat reserves in the five control geese averaged 
2.54 + 0.03 kg and 16.8 + 0.6%, respectively, 
and these values did not change throughout the 
five-week experimental period (P = 0.38). 

Phase I of the fast lasted 11 + 1 days in Great- 
er Snow Geese and was marked by a sharp de- 
crease in the daily rate of mass loss from 25.0 
_+ 1.5 g/kg for the first day of fasting to 15.1 + 
2.4 g/kg at the end of phase I (P < 0.001; Fig. 
1). During phase II, which lasted 22 + 3 days, 
there was a further reduction to 12.8 + 1.1 g/kg 
(P < 0.01). The phase III was characterized by 
a small increase in the daily rate of mass loss 
to 13.5 + 1.1 g/kg on the last day (P < 0.01). 
The critical body mass, where the daily rate of 
mass loss starts to rise (the transition between 
phases II and III; Le Maho et al. 1976) was sim- 
ilar for all birds at 1.77 + 0.05 kg (range 1.59- 
2.02 kg). 

At the end of phase II, fasted geese had lost 
37.6 +_ 1.7% of their initial body mass. The eight 
geese that completed the experimental fasting 
period (i.e. those that reached phase III) fasted 
during 34 _+ 3 days (range 19-42 days) and 
weighed 1.60 + 0.06 kg at the end of phase III, 
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Fig. 2. Relationships between (A) the length of 
the fast (T = 0.79, P < 0.01) and (B) the body-mass 
loss (T = 0.93, P < 0.01) vs. initial fat reserves in 
Greater Snow Geese. 

a decrease of about 44% from their original body 
mass (range 36.3-49.3%). The length of the en- 
tire fast and the percentage of total mass loss 
were highly correlated with the initial fat re- 
serve of the birds (T = 0.79 and T = 0.93, re- 
spectively, P < 0.01, n = 8; Fig. 2), but not to 
their initial body mass (T = 0.29, P = 0.32, and 
T = 0.49, P = 0.62, respectively, n = 8). Geese 
remained vigorous throughout phases I and II, 
standing up in alert position (head up), moving 
in their cages, and trying to bite during manip- 
ulations. 

During the first two weeks of refeeding, geese 
ate 2.3 times as much food as before the fast 

(0.312 + 0.011 kg vs. 0.136 + 0.006 kg of mash 
per day). They gained weight rapidly (mean 65 
g/day) and had recovered 35% of their mass loss 
after one week and 58% after two weeks. 

Carcass composition.--The two fasted geese that 
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(A) Glycemia level and (B) total concentra- Fig. 3. 
tion of plasma proteins during long-term fasting in 
Greater Snow Geese (2• + SE; n = 11 for phases I and 
II, n = 8 for phase III). 
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Fig, 4. Concentrations of (A) plasma uric acid and 
(B) /%hydroxybutyrate during long-term fasting in 
Greater Snow Geese (2• ñ SE; n = 11 for phases I and 
II, n = 8 for phase III). 

reached phase III, but died upon refeeding, de- 
pleted nearly all fat stores as only 11.0 + 0.4 g 
(< 1% of a body mass of 1.46 + 0.07 kg) of lipids 
remained. Total body proteins also were con- 
siderably reduced to 293 + 18 g (20.4% of body 
mass) compared to wild geese during spring 
staging (570 g; Gauthier et al. 1984a, unpubl. 
data). 

Blood analysis.--The initial blood composition 
of fasted birds was not different from control 

birds (P > 0.05, n = 11 and 5; Mann-Whitney 
U-test). Blood composition of the control group 
did not change significantly (P > 0.05, n = 5; 
Kruskal-Wallis test) during the five-week ex- 
perimental period. 

Pre-fast glycemia (day 0; Fig. 3A) was 9.64 + 
0.27 mmol/L. Despite a nonsignificant decrease 
(P = 0.21) of blood glucose to 9.17 + 0.22 mmol/L 
in the first day of fasting, glycemia was main- 
tained around 9.5 mmol/L (range 8-11 mmol/ 
L) throughout phase I and during almost all of 
phase II. From the end of phase II until the end 
of phase III, glycemia diminished rapidly to 
about one-half of the normal value (4.69 + 0.32 
retool/L) on the last day of fasting (P < 0.01). 

Pre-fast plasma protein concentration of fast- 
ed birds was 47.4 + 0.12 g/L (day 0; Fig. 3B). 
Plasma proteins decreased to 43.1 + 0.12 g/L 
(P < 0.01) midway in phase I of fasted birds. 
During the second part of phase II, they in- 
creased to levels near those found before food 

deprivation (mean 46.8 + 0.16 g/L). Plasma pro- 
teins then decreased until the end of the ex- 

periment to 35.7 + 0.06 g/L (P < 0.01) or 75% 
of the pre-fast value. 

Geese had a plasma uric-acid level of 0.26 + 
0.02 mmol/L before fasting. In contrast to glu- 
cose and protein levels, the plasma concentra- 
tion of uric acid increased considerably during 
the fast (Fig. 4A), after a slight but significant 
decrease (P < 0.001) to 0.189 + 0.016 mmol/L 
during the first 48 h of fasting. From day 2 to 
the later part of phase II, uricacidemia increased 
slowly to 0.54 + 0.06 mmol/L (P < 0.001). 
Thereafter, it rose very rapidly until the last 
day of phase III, to 2.32 + 0.16 mmol/L (P < 
0.01), more than eight times the normal value. 

The plasma level of fi-hydroxybutyrate (fi- 
OHB) was 0.25 + 0.04 mmol/L before the fast 
(Fig. 4B). After only one day of complete food 
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Fig. 5. Hematocrit level during long-term fasting 
in Greater Snow Geese (œ _+ SE; n = 11 for phases I 
and II, n = 8 for phase III). 

deprivation,/•-OHB level had increased 4.6 times 
(P < 0.001) to 1.30 + 0.10 mmol/L. It reached 
a maximum of 41 times the normal value at the 

beginning of phase II (10.2 + 0.6 mmol/L), then 
declined to 2.04 + 0.19 mmol/L at the begin- 
ning of phase III, and remained at this value, 
which is still far above the level observed in 

birds that were fed. 

The hematocrit was 41 -+ 1% before the fast. 

It decreased significantly to 38.1 + 0.8% (P < 
0.05) during the first four days of phase I (Fig. 
5). Thereafter, it fluctuated slightly around 37.0 
+ 1.5% until the end of phase II, and finally 
dropped to 30.8 + 1.2% (P < 0.01) during phase 
III. Positive correlations were observed be- 

tween hematocrit and total plasma proteins (T 
= 0.42, P < 0.05, n = 8), and between hematocrit 
and glycemia (T = 0.50, P < 0.01, n = 8). 

Resting metabolic rate.--The resting metabolic 
rates (RMR) of 10 geese in pre-fast period av- 
eraged 7.76 W (Table 1; range 6.73-9.71 W), a 
value close to the predicted one (8.2 W) for a 
2.93-kg nonpasserine bird (Lasiewski and Daw- 
son 1967). Fasting significantly reduced (P < 
0.001) RMR by 38 + 4% to 4.77 W (range 4.06- 
5.90 W), as shown by measurements taken dur- 
ing phase II of the fast. The mass-specific RMR 

also dropped significantly (P < 0.01), from 2.7 
to 2.2 W/kg, whereas allometric equations would 
have predicted birds of a lower mass to have a 
higher mass-specific RMR of 3.3 W/kg (Lasiew- 
ski and Dawson 1967). 

Respiratory quotients (RQ) measured before 
the fast and during phase II were similar, av- 
eraging 0.71 (P = 0.48; Table 1). This low value 
was expected, because birds obtain their energy 
mainly from fat and protein reserves either in 
the postabsorptive state (Robbins 1983) or dur- 
ing phase II of the fast. Uric acid of bird excreta 
contains more oxygen and less nitrogen than 
urea excreted by mammals. This results in a RQ 
value for protein catabolism in birds closer to 
that for lipid catabolism. 

DISCUSSION 

This study demonstrates that Greater Snow 
Geese can endure a fast several days longer than 
their incubation period (34 vs. 24 days, respec- 
tively) providing they enter the fasting period 
with sufficient fat reserves (>_ 20% of body mass). 
It also shows that changes in body mass, utili- 
zation of energy reserves, and resting metabolic 
rate in fasting Greater Snow Geese follow the 
typical three-phase pattern described for ho- 
meotherms. Variations in body-mass loss result 
from changes in the composition of the tissues 
catabolized and in energy expenditure. This 
pattern is characterized by a preferential mo- 
bilization of lipids, which are the most efficient 
and abundant form of energy storage, during 
the longest period of the fast. 

Phase I.--The rate of body-mass loss is very 
rapid during the first 24 to 48 h of the fast. In 
humans, this phenomenon has been attributed 
mostly to a major salt and water diuresis (Van 
Itallie and Yang 1977, Felig 1979, Owen 1989). 
In domestic geese (Le Maho et al. 1981), and 
presumably in Greater Snow Geese, dehydra- 

TABLE 1. Resting metabolic rates (RMR) before fasting and during phase II of fasting in Greater Snow Geese 
(2 -+ SE, n = I0). 

Before During 

RMR (W) 7.76 _+ 0.31 4.77 _+ 0.22* 
Observed specific RMR (W/kg) 2.66 _+ 0.10 2.21 -+ 0.07* 
Observed RMR/Predicted RMR • 0.94 _+ 0.04 0.72 + 0.02* 
Respiratory quotient (RQ) 0.72 _+ 0.01 0.71 _+ 0.01 
Body mass (kg) 2.93 _+ 0.07 2.16 -+ 0.05* 

* P < 0,01. 

• Lasiewski and Dawson's equation (1967). 
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tion is not significant. The high loss of body 
mass during the first 24 h of fasting (70 + 6 g) 
may be caused by the emptying of the alimen- 
tary tract and a high catabolic rate of endoge- 
nous reserves. 

The progressive reduction in the rate of body- 
mass loss during phase I may be attributed to a 
shift in the metabolic fuel from protein and 
glycogen to lipid, as well as to a reduction in 
metabolic rate. Protein and glycogen have low- 
er caloric values (18.0 and 17.6 kJ/g, respec- 
tively) than lipids (39.3 kJ/g; Pond 1981), and 
oxidation of the former requires concomitant 
elimination of their solvent and/or hydration 
water. The decrease in specific RMR probably 
occurs during phase I in Greater Snow Geese, 
as has been observed in domestic geese (Le Maho 
et al. 1981) and in King Penguins (Aptenodytes 
patagonica; Le Maho 1983). Additional decreases 
in RMR during phases II and III are nearly in 
proportion to the actual body mass of the bird 
(Le Maho 1983, Cherel et al. 1988b). Similar 
reduction of basal metabolic rate during pro- 
tracted fasting has been described in birds and 
mammals, including humans (Shapiro and 
Weathers 1981, Le Maho 1983, Chwalibog and 
Thorbek 1989, Owen 1989). 

The changes in plasma uric acid, fi-OHB and 
total proteins observed in Greater Snow Geese 
also indicate a shift in use of protein versus lipid 
in phase I. The decrease in plasma proteins pre- 
sumably followed a reduction in blood concen- 
trations of several glucogenic amino acids, such 
as alanine, serine, glutamine, lysine and others, 
as reported for mammals and birds during the 
first days of fasting (Cuendet et al. 1975, Brady 
et al. 1977, 1978, Freminet and Leclerc 1980, 
Goodman et al. 1980, Le Ninan et al. 1988). 

Maintenance of glycemia is critical for ho- 
meotherms, because many tissues and cells de- 
pend upon blood glucose (i.e. central nervous 
system, erythrocytes, leukocytes, renal medulla, 
etc.; Cahill 1970, Moon 1988). Blood glucose 
concentrations in birds are twice those in mam- 

mals, and these levels are maintained through- 
out fasting (Langslow 1978, Hazelwood 1986). 
This was also the case during phase I and almost 
all of phase II of the fast in Greater Snow Geese. 
The slight decrease that appeared after 24 h of 
food deprivation may be associated with a de- 
pletion of glycogen reserves (Hazelwood 1986), 
as hepatic and muscular glycogens represent 
less than 1% of the total pre-fasting energy re- 
serves in homeotherms (Cahill 1970, Cherel et 

al. 1988b). Thereafter, several physiological 
mechanisms, not entirely understood (Grosco- 
las 1986, Boyle et al. 1989), are responsible for 
the prevention of hypoglycemia. Among them 
is an increased rate of gluconeogenesis (Gros- 
colas and Rodriguez 1981, Moon 1988, Owen 
1989) coupled to protein and triglyceride catab- 
olism, taking place mainly from lactate, glyc- 
erol, pyruvate and alanine substrates in birds 
(Langslow 1978). The often observed decrease 
in glucose turnover rate (Brady et al. 1977, Streja 
et al. 1977, Freminet and Leclerc 1980, Groscolas 

and Rodriguez 1981, Riesenfeld et al. 1981) can 
be linked to a progressive reduction of glucose 
utilization by tissues that can oxidize other sub- 
strates such as fatty acids or ketone bodies (Felig 
1979, Owen et al. 1983, Owen 1989). During 
long-term fasting, ketone bodies can be oxi- 
dized by the brain as a substitute for glucose, 
and the rate of consumption is concentration 
dependent (Robinson and Williamson 1980, 
Owen 1989). After a few days of food depri- 
vation, ketone-body utilization by tissues can 
contribute to 30 to 40% of the total caloric re- 

quirements in humans (Owen et al. 1983) and 
can indirectly spare protein reserves by reduc- 
ing gluconeogenesis (Felig 1979, Robinson and 
Williamson 1980, Anonymous 1989). 

Phases II and IlL--In phase II, the rate of body- 
mass loss was markedly reduced and main- 
tained at a low and slightly decreasing level. 
This slow loss of mass was associated with low 

concentrations of plasma uric acid and ketosis. 
Such a pattern is characteristic of fasting ani- 
mals, including humans, which are sparing body 
proteins and preferentially oxidizing lipids 
(Brady et al. 1977, Goodman et al. 1984, Cherel 
et al. 1987, Robin et al. 1988, Owen 1989). How- 
ever, half-way through phase I! until the end 
of the fast, opposite changes in plasma fi-OHB 
and uric acid indicate that lean tissue catabolism 

had begun to increase while fat mobilization was 
decreasing. A similar augmentation of prote- 
olysis also occurred before phase III in domestic 
geese (Le Maho et al. 1981, Robin et al. 1987). 
In contrast, high ketone-body levels, and prob- 
ably their protein-sparing effects, were main- 
tained during all of phase II in penguins (Che- 
tel and Le Maho 1985, Cherel et al. 1987). The 
greater variation in plasma fi-OHB and uric-acid 
concentrations of geese compared to penguins 
during this phase (Cherel and Le Maho 1985, 
Cherel et al. 1987, Robin et al. 1988) suggests 
that replacement of lipids by proteins as the 
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principal energy source in geese is more pro- 
gressive than in penguins. It is surprising that 
an increase in catabolism of proteins, a less ef- 
ficient fuel, at the end of phase II does not result 
in an immediate rise in the rate of mass loss. 

The rise remained slight even during phase III, 
probably related to a further reduction in en- 
ergy consumption. 

Despite the augmentation of proteolysis dur- 
ing phase III, and probably of circulating glu- 
cogenic amino acids, the fall in blood glucose 
level indicated that these substrates no longer 
met the energetic demand of the animal's me- 
tabolism. There was a marked inverse correla- 

tion between plasma uric-acid concentration and 
glycemia (T = -0.61, P < 0.001). This situation 
is also found in adult male King Penguin dur- 
ing breeding (Cherel et al. 1988c) and further 
supports the idea that there is a premortal rise 
in protein utilization (Felig 1979). 

Throughout the fast, but especially during 
phase III, hematocrit values declined. In do- 
mestic geese and in humans, similar decreases 
have been related to a reduction of erythrocyte 
volume (Le Maho et al. 1981, Owen 1989), likely 
to result from an impairment of erythropoiesis. 

Interspecific comparisons of mobilization of body 
reserves.--Compared with domestic geese, 
Greater Snow Geese needed more time (32% vs. 
8% of the total fasting length) to attain the eco- 
nomical phase II of fasting. Plasma uric-acid 
values of Greater Snow Geese during phases II 
and III were higher than in domestic geese 
(Robin et al. 1987) and even higher than in King 
Penguin chicks (Cherel and Le Maho 1985, 
Cherel et al. 1987). Furthermore, the small in- 
crease in levels of uric-acid and circulating plas- 
ma proteins during the later part of phase II 
suggests that protein sparing was not as effi- 
cient. This is probably related to an increasing 
metabolic demand for glucose, particularly in 
the brain, because fi-OHB was simultaneously 
decreasing rapidly. Thus, it can be concluded 
that Greater Snow Geese did not succeed as well 

as these other fasting birds in sparing their pro- 
tein reserves. 

Adaptive value of fasting in Greater Snow Geese.- 
Greater Snow Geese may face periods of food 
deprivation during incubation, a common oc- 
currence in many geese (Ryder 1970, Ankney 
and Macinnes 1978, Thompson and Raveling 
1987). In nesting anatids, Thompson and Ravel- 
ing (1987) have suggested that the level of re- 
serves remaining after egg laying determines 

how the female will allocate her time between 

nest attentiveness (which increases nesting suc- 
cess) and feeding recesses (which enhance her 
own survival). The availability of endogenous 
lipids at the beginning of fasting may limit ca- 
tabolism of the lean tissues and thus extend the 

tolerance to fasting (Cuendet et al. 1975, Good- 
man et al. 1981, Lowell et al. 1986, Robin et al. 

1988). In captive Greater Snow Geese, the du- 
ration of the fast and loss of body mass were 
positively correlated to initial lipid reserves, and 
the two birds that died after fasting had ex- 
hausted their lipid stores. 

Afton (1979, 1980) and Harvey et al. (1989) 
suggested that body size is a limiting factor for 
the amount of stored body reserves. Compared 
to domestic geese, which spontaneously fast 
throughout the reproductive period (100 days 
in females and 75 days in males; Robin et al. 
1987), captive Greater Snow Geese tolerated only 
34 days of fasting (range 19-42 days). Domestic 
geese store and carry greater proportions of fat 
than Greater Snow Geese, because they are twice 
as large and they do not have to fly. Thus, dur- 
ing a fast long enough to produce a similar loss 
of body mass (•40% of initial mass), domestic 
geese can rely almost exclusively on their lipid 
stores, with fat accounting for as much as 94% 
of their energy expenditure (Le Maho et al. 1981) 
in comparison to only 72% in fasting Greater 
Snow Geese. 

Our results suggest that Greater Snow Geese 
should possess a minimum of 16% of their body 
mass in fat reserves to sustain total food depri- 
vation throughout a 24-day incubation. During 
this period, geese would lose up to 30% of their 
initial body mass and reach the end of phase II 
of prolonged fasting. However, three factors 
may influence the fasting endurance of wild 
Greater Snow Geese: (1) the initial body mass 
and fat reserves of the birds; (2) their hormonal 
status; and (3) environmental conditions. It is 
possible that the hormonal status prevailing 
during the reproductive period may decrease 
the requirement for energy reserves during 
fasting by facilitating a faster transition to the 
economical phase (phase II). In contrast, pre- 
dation, intraspecific competition, and exposure 
of the eggs and parents to inclement conditions 
are factors that should increase the energy re- 
quirement of incubating birds. 

At the beginning of incubation, wild Greater 
Snow Geese have smaller fat reserves (a mean 
of 10% of the body mass or 253 g for females, 
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and 3% or 95 g for males; L. Choinibre, pers. 
comm.) than captive birds, and less than female 
Lesser Snow Geese at the same stage (Ankney 
and Macinnes 1978). These results suggest that 
female Greater Snow Geese withstand only a 
partial fast during the incubation period, 
whereas males may not fast at all. 

ACKNOWLEDGMENTS 

We thank Helga Guderley for advice and for lend- 
ing her spectrophotometer during laboratory analy- 
ses, and Claude Lavoie for assistance during experi- 
ments. Additional technical help was provided by the 
employees of the Animalerie du Pavilion des Ser- 
vices, Universit• Laval, and of the Zoo de Charles- 

bourg (Quebec) during the 2.5 months the geese were 
held in captivity. Austin Reed and an anonymous 
reviewer offered valuable suggestions for the manu- 
script. This research was supported by grants from 
the Natural Sciences and Engineering Research 
Council of Canada to G. Gauthier and J. Larochelie, 
and a grant from le Fonds pour la Formation de Cher- 
cheurs et l'Aide g la Recherche du Quebec to G. Gau- 
thier. 

LIZER^ZURE CITED 

AFTON, A.D. 1979. Time budget of breeding North- 
ern Shovelers. Wilson Bull. 91:42-49. 

AFTON, A.D. 1980. Factors affecting incubation 
rhythms of Northern Shovelers. Condor 82:132- 
137. 

ALDRICH, T. W., AND D. G. RAVELING. 1983. Effects 

of experience and body weight on incubation 
behavior of Canada Geese. Auk 100:670-679. 

ANKNEY, C.D. 1977. The use of nutrient reserves by 
breeding male Lesser Snow Geese Chen caerules- 
cens caerulescens. Can. J. Zool. 55:1984-1987. 

ANKNEY, C. D., AND A.D. AFTON. 1988. Bioenergetics 
of breeding Northern Shovelers: Diet, nutrient 
reserves, clutch size, and incubation. Condor 90: 
459-472. 

ANKNEY, C. D., AND C. D. MACINNES. 1978. Nutrient 

reserves and reproductive performance of female 
Lesser Snow Geese. Auk 95:459-471. 

ANONYMOUS. 1989. How ketones spare protein in 
starvation. Nutr. Rev. 47:80-81. 

BENEDICT, F. G., AND R. C. LEE. 1937. Lipogenesis in 
the animal body, with special reference to the 
physiology of the goose. Carnegie Inst. Wash. 
No. 489. 

BOYLE, P. J., S. D. SHAH, AND P. E. CRYER. 1989. In- 
sulin, glucagon, and catecholamines in preven- 
tion of hypoglycemia during fasting. Am. J. Phys- 
iol. 256(Endocrinol. Metab. 19):E651-E661. 

BRADY, L. J., M. K. ARMSTRONG, K. L. MUIRURI, D. R. 
ROMSOS, W. G. BERGEN, AND G. A. LEVEILLE. 1977. 

Influence of prolonged fasting in the dog on glu- 
cose turnover and blood metabolites. J. Nutr. 107: 
1053-1061. 

BRADY, L. J., D. R. ROMSOS, P. S. BRADY, W. G. BERGEN, 

AND G. A. LEVEILLE. 1978. The effects of fasting 
on body composition, glucose turnover, enzymes 
and metabolites in the chicken. J. Nutr. 108:648- 
657. 

CAHILL, G. F. 1970. Starvation in man. N. Engl. J. 
Med. 282:668-675. 

CHEREL, Y., J. LELOUP, AND Y. LE MAHO. 1988a. Fast- 
ing in King Penguin. II. Hormonal and metabolic 
changes during molt. Am. J. Physiol. 
254(Regulatory Integrative Comp. Physiol. 23): 
R178-R184. 

CHEREL, Y., AND Y. LE MAHO. 1985. Five months of 

fasting in King Penguin chicks: Body mass loss 
and fuel metabolism. Am. J. Physiol. 
249(Regulatory Integrative Comp. Physiol. 18): 
R387-R392. 

CHEREL, Y., J.-P. ROBIN, AND Y. LE MAHO. 1988b. 
Physiology and biochemistry of long-term fast- 
ing in birds. Can. J. Zool. 66:159-166. 

CHEREL, Y., J.-P. ROBIN, O. WALCH, H. KARMANN, P. 
NETCHITAILO, AND Y. LE MAHO. 1988C. Fasting 
in King Penguin. I. Hormonal and metabolic 
changes during breeding. Am. J. Physiol. 
254(Regulatory Integrative Comp. Physiol. 23): 
R170-R177. 

CHEREL, Y., J.-C. STAHL, AND Y. LE MAHO. 1987. Ecol- 
ogy and physiology of fasting in King Penguin 
chicks. Auk 104:254-262. 

CHWALIBOG, A., AND G. THORBEK. 1989. Fasting heat 
production in chickens. Arch. Gefluegelkd. 53: 
54-57. 

CRAVARIO, g., D. MESSORI, C. CRAVETTO, AND G. PALES- 
TRO. 1975. Liver function in fasting obese. Pages 
335-337 in Recent advances in obesity research 
I. (A. Howard, Ed.). Newman Publishing Ltd., 
London. 

CROXALL, J.P. 1982. Energy costs of incubation and 
moult in petrels and penguins. J. Anim. Ecol. 51: 
177-194. 

CUENDET, G. S., E.G. LOTEN, D. P. CAMERON, A. E. 
RENOLD, AND E. B. MARLIS. 1975. Hormone-sub- 

strate responses to total fasting in lean and obese 
mice. Am. J. Physiol. 228:276-283. 

FELIG, P. 1979. Starvation, chap. 147. Pages 1927- 
1940 in Endocrinology, vol. 3. (L. J. DeGroot, 
Ed.). Grune and Stratton, New York. 

FREMINET, A., AND L. LECLERC. 1980. Effect of fasting 
on glucose, lactate and alanine turnover in rats 
and guinea-pigs. Comp. Biochem. Physiol. 65B: 
363-367. 

GARCIA-RODRIGUEZ, T., M. FERRER, J. C. CARRILLO, AND 

J. CASTROvIEJO. 1987. Metabolic responses of Bu- 
teo buteo to long-term fasting and refeeding. Comp. 
Blochem. Physiol. 87A:381-386. 

GAUTHIER, G., AND J. B•DARD. 1985. Fat reserves and 



520 BOISMENU, GAUTHIER, AND LAROCHELLE [Auk, Vol. 109 

condition indices in Greater Snow Geese. Can. J. 
Zool. 63:331-333. 

GAUTHIER, G., J. B•DARD, J. HUOT, AND Y. B•DARD. 
1984a. Protein reserves during staging in Great- 
er Snow Geese. Condor 86:210-212. 

GAUTHIER, G., J. BgDARD, J. HUOT, AND Y. BgDARD. 
1984b. Spring accumulation of fat by Greater 
Snow Geese in two staging habitats. Condor 86: 
192-199. 

GOELZ, M. F., A. W. HAHN, AND S. T. KELLEY. 1990. 
Effects of halothane and isoflurane on mean ar- 

terial blood pressure, heart rate, and respiratory 
rate in adult Pekin ducks. Am. J. Vet. Res. 51:458- 
460. 

GOODMAN, M. N., P. R. LARSEN, M. M. KAPLAN, T. T. 

AO•CI, V. R. YOUNG, AND N. B. RUDERMAN. 1980. 

Starvation in the rat. II. Effect of age and obesity 
on protein sparing and fuel metabolism. Am. J. 
Physiol. 239(Endocrinol. Metab. 2):E277-E286. 

GOODMAN, M. N., B. LOWELL, E. BELUR, AND N. B. 

RUDERMAN. 1984. Sites of protein conservation 
and loss during starvation: Influence of adiposity. 
Am. J. Physiol. 246(Endocrinol. Metabol. 9):E383- 
E390. 

GOODMAN, M. N., M. A. MCELANEY, AND N. B. RUDER- 

MAN. 1981. Adaptation to prolonged starvation 
in the rat: Curtailment of skeletal muscle prote- 
olysis. Am. J. Physiol. 241(Endocrinol. Metab. 4).' 
E321-E327. 

GmES, F. A., M. BERGER, AND P. BERCHTOLD. 1977. 
Clinical results with starvation and semistarva- 

tion, chap. 36. Pages 359-369 in Recent advances 
in obesity research. II. (G. A. Bray, Ed.). Newman 
Publishing Ltd., London. 

GRIMINGER, P., AND C. G. SCANES. 1986. Protein me- 

tabolism, chap. 14. Pages 326-344 in Avian phys- 
iology, 4th ed. (P. D. Sturkie, Ed.). Springer-Ver- 
lag, New York. 

GROSCOLAS, R. 1986. Changes in body mass, body 
temperature and plasma fuel levels during the 
natural breeding fast in male and female Emperor 
Penguins Aptenodytes forsteri. J. Comp. Physiol. B 
156:521-527. 

GROSCOLAS, R., AND A. RODRIGUEZ. 1981. Glucose 

metabolism in fed and fasted Emperor Penguins 
(Aptenodytes forsteri). Comp. Biochem. Physiol. 
70A:191-198. 

HARVEY, J. M. 1971. Factors affecting Blue Goose 
nesting success. Can. J. Zool. 49:223-234. 

HARVEY, W. F., IV, G. R. HEPP, AND R. A. KENNAMER. 

1989. Body mass dynamics of Wood Ducks dur- 
ing incubation: Individual variation. Can. J. Zool. 
67:570-574. 

HATCH, D.E. 1970. Energy conserving and heat dis- 
sipating mechanisms of the Turkey Vulture. Auk 
87:111-124. 

H•ZELWOOD, R. L. 1986. Carbohydrate metabolism, 
chap. 13. Pages 303-325 in Avian physiology, 4th 
ed. (P. D. Surkie, Ed.). Springer-Verlag, New York. 

INGLIS, J. R. 1977. The breeding behaviour of the 
Pink-looted Goose: Behavioral correlates of nest- 

ing success. Anim. Behav. 25:747-764. 
KENDEIGH, S.C. 1945. Resistance to hunger in birds. 

J. Wildl. Manage. 9:217-226. 
KETTERSON, E. D., AND J. R. KING. 1977. Metabolic 

and behavioral responses to fasting in the White- 
crowned Sparrow (Zonotrichia leucophrys gambelii). 
Physiol. Zool. 50:115-129. 

KORSCHGEN, C. E. 1977. Breeding stress of female 
eiders in Maine. J. Wildl. Manage. 41:360-373. 

KRAPU, G.L. 1981. The role of nutrient reserves in 

Mallard reproduction. Auk 98:29-38. 
LANGSLOW, D. R. 1978. Gluconeogenesis in birds. 

Blochem. Soc. Trans. 6:1148-1152. 

LASIEWSKI, R. C., AND W. R. DAWSON. 1967. A re- 
examination of the relation between standard 

metabolic rate and body weight in birds. Condor 
69:13-23. 

LE MAHO, Y. 1983. Metabolic adaptations to long- 
term fasting in Antarctic penguins and domestic 
geese. J. Therm. Biol. 8:91-96. 

LE MAHO, Y., P. DELCLITTE, AND J. CHATONNET. 1976. 
Thermoregulation in fasting Emperor Penguins 
under natural conditions. Am. J. Physiol. 231: 
913-922. 

LE MAHO, Y., H. VU VAN KHA, H. KOUBI, G. DEWASMES, 

J. GIRARD, P. FERR•,ANDM. CAGNARD. 1981. Body 
composition, energy expenditure, and plasma 
metabolites in long-term fasting geese. Am. J. 
Physiol. 241(Endocrinol. Metab. 4):E324-E354. 

LEM/EUx, L. 1959. Histoirenaturelleetam•nagement 
de la Grande Oie Blanche Chen hyperborea atlan- 
tica. Naturaliste Canadien (Que.) 86:133-192. 

LE NINAN, F., Y. CHEREL, J.-P. ROTAN, J. LELOUP, AND 
Y. LE MAHO. 1988. Early changes in plasma hor- 
mones and metabolites during fasting in King 
Penguin chicks. J. Comp. Physiol. B 158:395-401. 

LOWELL, B. B., N. B. RUDERMAN, AND M. N. GOODMAN. 

1986. Regulation of myofibrillar protein degra- 
dation in rat skeletal muscle during brief and 
prolonged starvation. Metabolism 35:1121-1127. 

MAINGUY, S. K., AND V. G. THOMAS. 1985. Compar- 
isons of body reserve buildup and use in several 
groups of Canada Geese. Can. J. Zool. 63:1765- 
1772. 

MOON, T. W. 1988. Adaptation, constraint, and the 
function of the gluconeogenic pathway. Can. J. 
Zool. 66:1059-1068. 

MORI, J. G., AND J. C. GEORGE. 1978. Seasonal changes 
in serum levels of certain metabolites, uric acid 

and calcium in the migratory Canada Goose 
(Branta canadensis interior). Comp. Biochem. Phys- 
iol. 59B:263-269. 

MROSOVSKY, N., AND D. F. SHERRY. 1980. Animal 
anorexias. Science 207:837-842. 

MURPHY, A. J., AND D. A. BOAG. 1989. Body reserve 
and food use by incubating Canada Geese. Auk 
106:439-446. 



July 1992] Physiology of Fasting in Snow Geese 521 

OWEN, M.,ANDR. WELLS. 1979. Territorialbehaviour 

in breeding geese--A reexamination of Ryder's 
hypothesis. Wildfowl 30:20-26. 

OWEN, O.E. 1989. Starvation, chap. 139. Pages 2282- 
2293 in Endocrinology, vol. 3 (L. J. DeGroot, Ed.). 
W. B. Saunders Company, Philadelphia. 

OWEN, O. E., S. CAPRIO, G. A. REICHARD, JR., M. A. 
MOZZOLI, G. BODEN, AND R. S. OWEN. 1983. Ke- 

tosis of starvation: A revisit and new perspec- 
tives. Clin. Endocrinol. Metab. 12:359-379. 

PARKER, H., AND H. HOLM. 1990. Patterns of nutrient 

and energy expenditure in female Common Ei- 
ders nesting in the High Arctic. Auk 107:660- 
668. 

POND, C. M. 1981. Storage, chap. 8. Pages 190-219 
in Physiological ecology. An evolutionary ap- 
proach to resource use (C. R. Townsend and P. 
Calow, Eds.). Sinauer Associates, Sunderland, 
Massachusetts. 

PROP, J., M. R. VAN EERDEN, AND R. H. DRENT. 1984. 
Reproductive success of the Barnacle Goose Bran- 
ta leucopsis in relation to food exploitation on the 
breeding grounds, western Spitsbergen. Nor. Po- 
larinst. Skr. 181:87-117. 

RAVELING, D. G. 1979. The annual cycle of body 
composition of Canada Geese with special ref- 
erence to control of reproduction. Auk 96:234- 
252. 

RIESENFELD, G., A. BERMAN, AND S. HURWITZ. 1981. 

Glucose kinetics and respi. ratory metabolism in 
fed and fasted chickens. Comp. Biochem. Physiol. 
70A:223-227. 

ROBBINS, C.T. 1983. Wildlife feeding and nutrition. 
Academic Press, New York. 

ROBIN, J.-P., Y. CHEREL, H. GIRARD, A. GgLOEN, AND Y. 
LE MAHO. 1987. Uric acid and urea in relation 

to protein catabolism in long-term fasting geese. 
J. Comp. Physiol. B 157:491-499. 

ROBIN, J.-P., M. FRAIN, C. SARDET, R. GROSCOLAS, AND 

Y. LE MAHO. 1988. Protein and lipid utilization 
during long-term fasting in Emperor Penguins. 
Am. J. Physiol. 254(Regulatory Integratire Comp. 
Physiol. 23):R61-R68. 

ROBINSON, A.M., AND D. H. WILLIAMSON. 1980. 

Physiological roles of ketone bodies as substrates 
and signals in mammals. Physiol. Rev. 60:143- 
187. 

RYDER, J.P. 1970. A possible factor in the evolution 
of clutch size in Ross' Goose. Wilson Bull. 82:5- 

13. 

RYDER, J.P. 1975. The significance of territory size 
in colonial nesting geese--An hypothesis. Wild- 
fowl 26:114-116. 

SCHEIBE, P., E. BERNT, AND H. U. BERGMEYER. 1974. 

Uric acid. Colorimetric assay with uricase and 
catalase. Pages 1954-1958 in Methods of enzy- 
matic analysis, 3rd ed. (H. U. Bergmeyer, Ed.). 
Academic Press, New York. 

SHAPIRO, C. J., AND W. W. WEATHERS. 1981. Metabolic 

and behavioral responses of American Kestrels 
to food deprivation. Comp. Biochem. Physiol. 68A: 
111-114. 

SMITH, K. G., AND H. H. PRINCE. 1973. The fasting 
metabolism of subadult Mallards acclimatized to 

low ambient temperatures. Condor 75:330-335. 
SMITH, P. K., R. I. KROHN, G. T. HERMANSON, A. K. 

MALLIA, F. H. GARTNER, M. D. PROVENZANO, E. K. 
FUJIMOTO, N. M. GOEKE, B. J. OLSON, AND D. C. 
KLENK. 1985. Measurement of protein using bi- 
cinchoninic acid. Anal. Biochem. 150:76-85. 

SOKAL, R. R., AND F. J. ROHLF. 1981. Biometry, 2nd 
ed. W. H. Freeman and Company, New York. 

STREJA, D. A., G. STEINER, E. B. MARLISS, AND M. VRA- 

NIC. 1977. Turnover and recycling of glucose in 
man during prolonged fasting. Metabolism 26: 
1089-1098. 

STROUD, D.A. 1982. Observations on the i. ncubation 

and post-hatching behaviour of the Greenland 
White-fronted Goose. Wildfowl 33:63-72. 

THOMPSON, S.C., AND D. G. RAVELING. 1987. Incu- 

bation behavior of Emperor Geese compared with 
other geese: Interactions of predation, body size, 
and energetics. Auk 104:707-716. 

TUCKER, V.A. 1968. Respiratory exchange and evap- 
orative water loss in the flying Budgerigar. J. Exp. 
Biol. 48:67-87. 

VAN ITALIE, T. B., AND M.-U. YANG. 1977. Diet and 

weight loss. N. Engl. J. Med. 24:1158-1161. 
WILLIAMSON, D. H., •eqD J. MELL^NBY. 1974. D-(-)-3- 

Hydroxybutyrate. Pages 1836-1839 in Methods of 
enzymatic analysis, 3rd ed. (H. U. Bergmeyer, 
Ed.). Academic Press, New York. 


