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Summary .  Water turnover rates were measured in gentoo 
and macaroni  penguins breeding sympatrically on South 
Georgia Island. At the  time of this study, adult male 
macaronis were attend!ng the nest while female macaron- 
is and both sexes of  adult gentoos were making regular 
foraging trips to sea and returning to feed their chicks. 
Both species feed principally on krill, Euphausia 
superba, although gentoos also feed on fish. The average 
water  turnover rate in 2 fasting male macaronis was 
12.5 ml • kg -1 • day -1 with a half-time for water 
turnover of  36 days. The mean water flux rate in feeding 
birds was 155 ml • kg -1 • day -1 in gentoos and 184 ml • 
kg-~ • day -1 in macaronis.  The half-times for water 
turnover were 2.8 days, and 2.6 days, respectively. The 
average metabolic rate of  fasting macaronis calculated 
f rom water turnover rates was 5.6 W • kg -1 or 1.8 x the 
standard metabolic rate (SMR). In order to calculate 
prey consumption and average daily metabolic rate 
(ADMR) f rom water flux rates in feeding birds, it was 
assumed that a) the only sources of  water are f rom 
metabolism and performed water in the diet and b) the 
composit ion of the diet is known. Based on the type of 
prey consumed, the calculated A D M R  was 7.1 W • kg-1 
or 2.6 × SMR (n = 5) for gentoos and 9.1 W • kg -1 or 
2.9 x SMR (n = 3) for macaronis.  The A D M R  of 
female macaronis making regular trips to sea was 1.6 x 
greater than the fasting metabolism of males brooding 
the chick. 

Introduct ion 

Penguins comprise 7 5 - 8 5 %  of the bird biomass in the 
Southern Ocean (Mougin and Prevost  1980; Croxall 
1984) and represent a major  consumer of  antarctic 
marine living resources. During the summer breeding 
season on South Georgia Island, seabirds are estimated 

to consume 2 million tonnes of  food, of  which about 1.8 
million tonnes is krill, Euphausia superba (Dana) 
(Croxall and Prince 1982). Consumption by penguins ac- 
counts for about  80% of the overall intake and 85% of 
the krill. As a result, penguins are considerably more im- 
portant  krill consumers than seals or whales in the waters 
around South Georgia. 

The two most  common species of  penguins on South 
Georgia are gentoo penguins, Pygoscelis papua, and 
macaroni  penguins, Eudyptes chrysolophus. Although 
the breeding season for these two sympatric species over- 
laps, they are ecologically separated in their nesting sites 
and foraging behavior (Croxall and Prince 1980a). 
Gentoos appear to forage closer to shore on large krill 
(5.4 cm), and immature nototheniid fish, particularly 
Notothenia rossii ( 1 5 - 2 5  cm). An average trip at sea 
lasts about  10 h. Macaronis spend about  30 h at sea on a 
single trip and take both large (5.3 cm) and small (2.0 
cm) krill. Croxall and Prince (1980a) suggested that 
macaronis may forage up to 50 km offshore where small 
krill have been seen to concentrate in waters at the edge 
of the South Georgia continental shelf. The average daily 
metabolic rate (ADMR) for these two species may reflect 
differences in prey and foraging ranges. 

Despite a growing scientific and commercial  interest 
in krill (Biomass 1977, 1981), the role and impact of  its 
principal predators,  and particularly the energy flux be- 
tween trophic levels in the Antarctic marine food chain, 
have received much less attention. Recent models of  the 
food consumption and A D M R  of penguins are based on 
time-energy budgets involving field or laboratory meas- 
urements of  fasting metabolism and allometric extra- 
polations f rom other avian species for the energetic cost 
of  brooding and foraging (Croxall and Prince 1982). The 
purpose of this study was to determine whether more 
direct estimates of  food consumption and A D M R  could 
be obtained f rom water turnover measurements lasting 
1 - 3 weeks in 2 species of  penguins which exhibit differ- 
ent parental care and feeding cycles. 
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Materials and Methods 

Birds and Environment 

Field work was conducted from 14 January  to 19 February 1979, on 
Bird Island, South Georgia (54 ° S, 36 ° W), South Atlantic. The climate 
is cold, wet, and cloudy with strong winds and little seasonal variation 
(Richards and Tickell 1968). The mean  air temperature in January  and 
February is + 4 ° C  with a m a x i m u m  of + 9 ° C  and a m i n imum of  
- 2  °C. Average month ly  rainfall at this t ime of  year is 8 -  15 cm. The 
ocean temperature is about  + 2 °C reflecting South Georgia 's  position 
250 km south of  the Antarct ic Convergence. 

Between 3 0 0 0 - 6 0 0 0  pairs of  gentoos and about  175,000 pairs of  
macaronis  breed annual ly in the summer  at Bird Island (Croxall and 
Prince 1980b). Gentoo penguins breed in numerous  small colonies, lay 
two eggs and,  at South Georgia, frequently raise two chicks. Macaroni  
penguins breed in a few vast colonies, lay two eggs of  very unequal  size, 
and never hatch more  than one chick. At the start of  this study, gentoo 
penguin chicks were about  41 days old, had been in creches for 14 days, 
and  both parents were making regular foraging trips. Macaroni 
penguin chicks were about  18 days old and just  beginning to form small 
creches. For about  the first 10 days after creche formation,  the male 
macaroni,  which has just  completed a 35-day fast at tending the nest, 
takes only a small part in feeding the chick, but  thereafter both parents 
share in feeding the chick (Croxall 1984). 

Administration of Tritiated Water (HTO) and Blood Sampling 

Adult  birds returning f rom sea were allowed to feed their chicks before 
capture. Each bird was weighed in a sack with a Chatil lon spring scale 
(range 0 -  10 kg). One ml HT O ( - 0 , 3  mCi) in normal  saline was in- 
jected into a brachial vein or intraperitoneally with a lcc tuberculin 
syringe. The precise specific activity was determined on aliquots of  
H T O  taken back to San Diego. The bird was held in a box for 90 rain to  
allow equilibration of  H T O  with total body water (TBW). A 3 ml blood 
sample was then taken f rom the contralateral brachial vein and stored 
in a 5 ml vacutalner.  A number  was painted on the bird 's  chest with 
black aniline dye prior to release. Daily observations were made in the 
rookeries to relocate, sample,  and weigh injected birds. If  the weight of  
a recaptured bird had changed by more  than 10070, the TBW was re- 
measured with a second injection of  HTO.  

Analytical Techniques 

Water  was distilled f rom blood samples by evaporative-freeze capture 
under  vacuum (Turner et al. 1960). Each sample was distilled to dry- 
ness to avoid possible fractionation effects. Aliquots were analyzed for 
trit ium activity in duplicate on a Beckman LS 8000 liquid scintillation 
counter after s tanding in the dark for 24 h. 

Calculations 

The theoretical basis and derivation of  equations used to calculate 
TBW and water flux rates have been reviewed by Nagy and Costa  
(1980). Degen et al. (1981) further verified the use of  H T O  for 
measuring water flux rates in birds. The following equations were used: 

1) TBW (ml) = N O 

No = CPM(inj)/SA(t = 0) 

a) CPM(inj ) = activity (mCi) of  H T O  injected 
b) SA(t=0) = specific activity (mCi • m1-1)  of  HT O in blood water 
after a 90 min equilibration period 

2) Fractional clearance rate (k, day - l )  and half-t ime (tl/2, day) for 
TBW turnover 

k = In (SA0/SAt) • A t  - I  

tl/2 = (In 2) /k  

a) SA 0 and  SA t = specific activity of  HT O in blood water at times t 1 
and t 2 
b) A t  = t z - t  1 

2) Water  flux rate, r w, for constant  body mass (BW) and TBW. Body 
mass changes of  less than  + 10°70 were considered constant.  

r w (ml /day /kg)  = k x TBW - BW 

3) Water  influx, rw,in , and efflux, rw, out, for changes in body mass 
greater than  + 10°7o. 

(N t - NO) • In (SA 0 • N0/SA t • Nt) 
r w ,  ou t  : 

In (Nt/No) • At  

N t - N O 
r w ,  in = r w ,  o u t  + - -  

At 

a) N O and N t = TBW (HTO space) measured initially and after re- 
capture with a second injection of  HTO.  
b) SA 0 and SA t = specific activity of  HTO in blood water initially (tl) 
and after recapture (tz). 
c) A t  = time between blood samples. 

Results 

Five of  6 gentoos and 4 of  8 macaronis injected with 
HTO were recovered and blood samples taken. The 
decline in specific activity of HTO in the blood under 
free-ranging conditions is shown in Fig. 1. Two of  the 
birds, macaronis 6 and 9, remained in the rookery and 
fasted for 2.7 and 5.9 days, respectively, before depart- 
ing for sea. 

Mean TBW represented 62 - 65°70 of the body weight 
for both species (Table 1). The mean water flux rate for 
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Fig. 1. Natural  logari thm of  plasma water specific activity, cp m .  m l -1 ,  
as a funct ion of time after systemic injection of  HTO.  Lines are identi- 
fied by species (G gentoo and M macaroni) and number .  All samples 
were run  in duplicate 



Table 1. Body mass,  number  
4 macaroni  penguins 

of  days monitored,  TBW, % body water, t 1 for body water turnover,  and mean water flux rates for 5 
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gentoo and 

Species Mean Wt No days TBW % body t ~  body water 
(kg) monitored (L) water turnover (days) 

Mean water 
flux rate, r w 
(ml /kg/day)  

Gentoo 1 8.2 
Gentoo 2 6.2 
Gentoo 3 6.3 
Gentoo 4 5.1 
Gentoo 5 5.1 
Mean 6.2 
(SD) (n = 5) 1.3 

Macaroni 6 3.9 
Macaroni 7 3.6 
Macaroni  8 3.3 
Mean 3.6 
(SD) (n = 3) 0.3 

Macaroni 6 (fasting) 3.7 
Macaroni 9 (fasting) 3.8 

10.3 4.8 59 3.1 132 
5.1 3.5 56 2.5 158 

10.9 3.9 62 2.5 171 
6.5 3.4 67 2.5 181 
4.5 3.5 69 3.5 134 

3.8 62 2.8 155 
0.6 5.2 0.5 22 

13.8 2.4 62 2.8 156 
25.7 2.3 64 3.0 145 
11.3 2.3 70 1.9 252 

2.3 65 2.6 184 
0.1 4.2 0.6 59 

2.9 2.3 63 36.7 12 
5.9 2.4 63 3.0 13 

birds making regular trips to sea was 155 + 22 ml • kg-1 
• day-1 for gentoos and 184 _+ 59 ml • k g - 1 .  day-1 for 
macaronis (Table 1). Half-times for body water turnover 
were 2.8 and 2.6 days, respectively. The average weight 
change for all foraging birds excluding gentoos 1 and 3 
was - 0.72% + 3.8 (n = 17). It was assumed that these 
birds were in metabolic and fluid homeostasis. Gentoos 1 
and 3 lost 10% and 15% of their initial body weight, re- 
spectively, and were reinjected with HTO to measure 
changes in TBW. There was no significant change in the 
TBW of gentoo 1 so that water influx equaled water ef- 
flux. Part  of the weight lost by gentoo 3 resulted from a 
6% decrease in TBW. As a result, water efflux exceeded 
influx by 7o/0. 

Macaronis 6 and 9 were fasting males brooding their 
chicks while the females foraged at sea, a normal part of 
the reproductive cycle for this species. The TBW and 
percent body water did not differ between the fasting and 
foraging birds, although water flux rate was 93% less in 
the fasting birds. Two days after blood sampling, 
macaroni 9 left the rookery and was not seen for 11 days. 
During this time its body weight increased 32%. Unfor- 
tunately, the food consumption and ADMR while at sea 
could not be determined because the final blood sample 
was accidently destroyed before it could be analyzed. 

Discussion 

Water Balance 

The TBW of gentoo and macaroni penguins lies in the 
range of 6 2 - 7 0 %  for normally hydrated birds of  all 
sizes (Skadhauge 1981). The average daily water intake 
equaled 25% of the TBW in gentoos and 28% in maca- 
ronis. This is similar to water flux rate of 23% in the 
domestic duck weighing 3 kg (Thomas and Phillips 1975) 
but 2 -  3 x greater than in domestic fowl (Chapman and 

Mihai 1972). The average water flux in free-ranging king 
penguins, Aptenodytes patagonicus, feeding at sea on 
squid was 29% of  the TBW/day  (Kooyman et al. 1982)• 
However, the measurements on king penguins were 
restricted to their time at sea and are not directly 
comparable to the present measurements on gentoos and 
macaronis which cover time spent at sea and on shore• 

Although the TBW was normal in the two male mac- 
aronis near the end of  their 35 day brooding fast, the 
water flux rate was only one-fourteenth that of  the forag- 
ing birds• During this time, males do not feed but are 
able to remain in water balance by relying on metabolic 
water and by minimizing evaporative and excretory 
water loss (Schmidt-Nielsen and Sladen 1958; Murrish 
1973). The half-time for water turnover of  3 3 -  37 days 
emphasizes the degree to which body water was con- 
served• The longest half-time for water turnover reported 
for a mammal was 54 days in fasting elephant seal pups, 
Mirounga angustirostris (Ortiz et al. 1978)• 

Possible errors in the measurement of water flux with 
HTO have been discussed elsewhere (Lifson and McClin- 
tock 1966; Nagy and Costa 1980)• In the present study, 
the principal source of error is the exchange of inspired 
water vapor for HTO along the respiratory surfaces• 
This error was calculated from estimates of ventilation 
(Lifson and McClintock 1966) to overestimate water flux 
by 10% in fasting penguins and 5% in feeding penguins 
assuming 1) a fasting or average daily metabolic rate and 
6% oxygen extraction efficiency 2) 20 kJ • L O~ -1 and 3) 
an ambient temperature of 4 °C and relative humidity of 
80%. Overestimates of  water flux will produce equiva- 
lent errors in the estimated metabolism of fasting and 
feeding penguins. 

Fasting Metabolic Rate 

The fasting metabolism of macaronis 6 and 9 while on 
the rookery brooding their chicks can be calculated from 
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water flux if 1) metabolic water production f rom the 
catabolism of fuel reserves was the only source of water 
entering the body pool  and 2) the birds remained in water 
balance (Nagy 1975; Nagy and Costa 1980). The very low 
water turnover rates (Table 1) indicate that the maca- 
ronis did not drink during their fast, and their normal  
TBW (63O7o of  BW) suggests that they were normally hy- 
drated. The calculated metabolic rate is independent of  
whether fat or protein was the pr imary fuel because the 
ratio of  oxidative energy production to metabolic water 
format ion is identical for fat or protein in uricotelic 
animals (e.g. 0.445 W - d a y .  ml H20  -1) (Schmidt-Niel- 
sen 1979). The average metabolic rate, MR (W.  kg-1)  = 
r w x 0.445 W • day • ml H 2 0 - 1  where r w equals the 
fasting water turnover rate in ml H20  • day-1  . kg 1. 
The mean fasting metabolic rate for the two macaronis 
with a mean mass of  3.8 kg and water flux of  12.5 ml • 
day -1 • kg -1 (Table 1) was 5.6 W • kg -1 or 1.8 x the 
predicted standard metabolic rate (SMR) (Aschoff  and 
Pohl 1970). Similar estimates based on weight loss over 
an 1 8 - 3 9  day period ranged f rom 4 . 0 - 6 . 6  W • kg -1 
(n = 5) depending on the assumed composit ion of  the 
mass lost (e.g. 56% fat and 9°70 protein or 90°7o fat) 
(Croxall 1982). However,  the estimated metabolic rate 
based on weight loss is sensitive to small errors in the 
amount  of  tissue protein catabolized because protein loss 
releases intracellular water to be used in urine format ion 
of lost by evaporation.  For each gram of  protein cata- 
bolized, 2.3 g of  intracellular water is released assuming 
1) lean tissue is 30% protein and 70°70 water and 2) the 
birds remain normally hydrated. The release of  preform- 
ed intracellular water provides no energy to the animal 
and reduces the fraction of  weight loss attributable to fat 
catabolism. In contrast,  the proport ion of fat  and 
protein catabolized is not critical to metabolic estimates 
based on water turnover because 1) the calculation is 
based on de novo water production f rom catabolism 
within the prelabeled body water pool  and 2) the 
oxidative water production is identical for fat and pro- 
tein in birds. 

ADMR in Feeding Birds 

Estimates of  prey consumption based on water flux rates 
require that: 1) the only sources of  water are f rom metab- 
olism and preformed water in the diet, and 2) the com- 
position and water content of  the diet are known 
(Shoemaker et al. 1976). I f  these conditions are satisfied, 
then: 

r F 
r w  

Pw + EF- Em" Mw 

where r v is the number  of  grams of  dry food (F) con- 
sumed per kg of  body weight/day,  r w is the total water 
turnover in ml /kg /day ,  Pw is the amount  of  preformed 
water /g  of  F, E F is the number  of  kilojoules of  energy/g 
of F, E m is the metabolizable energy coefficient and 

equals the number  of  kilojoules metabolized per 
kilojoule ingested, and M w is the water produced/ki lo-  
joule of  F metabolized. The feeding rate (rv) is converted 
to energy metabolized (in watts/kg) by 

A D M R  = r F • E F • E m • k 

where k is a constant that converts the units to W • kg-1  
(k = 1.157 • 10 -8 W • day • k J - l ) .  Values used to cal- 
culate prey consumption and A D M R  for gentoos and 
macaronis are shown in Table 2. Croxall and Prince 
(1980a) found that macaronis feed exclusively on krill 
while the average diet of  gentoos is composed of 67°70 
krill and 33°70 fish. The nutritional value of  gravid 
female krill is 42°70 greater than that of  male krill because 
of a higher lipid content (Clarke 1980). This difference 
will significantly alter the calculated A D M R  depending 
upon which sex is predominant  in the diet. Analysis of  
stomach contents (Croxall, unpublished) has shown that 
approximately equal numbers of  male and female krill 
were taken by gentoos and macaronis on South Georgia. 
This is similar to the ratio observed by Volkman et al. 
(1980) for Adelie penguins, Pygoscelis adeliae, and gen- 
toos on King George Island, although chinstrap pen- 
guins, Pygoscelis antarctica, consumed more male than 
female krill. A D M R  was calculated assuming that equal 
numbers of  male and female krill were consumed with a 
max imum and minimum range based on diets composed 
exclusively of  either male or female krill. This range of 
A D M R  should cover seasonal changes in the sex ratio or 
nutritional value of ingested krill. Identification of the 
fish taken by gentoos is limited to Notothenia rossii, 
Notothenia larseni (Notothenidae) and Champsoce- 
phalus gunnari (Chaenichthyidae). The composit ion of 
these fish was not available, so a similar subantarctic 
species of  nototheniid, Notothenia coriiceps (Crawford 
1979), was used for biochemical composit ion and water 
content (Table 2). 

The difference in the fresh weight consumption of 
either male or female krill estimated f rom water flux 
rates was negligible because of their similar water con- 
tents (Tables 2 and 3). Gentoos consumed an average of  
118 g fresh krill • kg -1 • day -1 and 61 g fresh fish • kg -1 • 
day -1. Macaronis consumed an average of 210 g fresh 
krill • kg-1  . day-1.  The mean A D M R  for gentoos was 
7.1 W • k g -  1 with a range of  6.2 W • k g -  1 on a diet of  
fish and male krill to 8.0 W • kg-1  on a diet of  fish and 
gravid female krill. The mean A D M R  of macaronis was 
9.1 W • kg -1 with a range of 7 . 5 - 1 0 . 6  W • kg -1 on a 
diet of  either male or female krill, respectively (Table 3). 
The higher lipid content of  gravid female versus mal0' 
krill increased the calculated A D M R  29% in gentoos and 
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41°70 in macaronis.  The ratio of  A D M R / S M R  was 2-4  
(range 2.3 - 2.9) for gentoos and 2.9 (range 2 . 4 -  3.4) for 
macaronis depending on whether male or female krill 
were used in the calculation. The A D M R  of female mac- 
aronis foraging at sea was 1.6 × greater than the fasting 
metabolism of males brooding the chick. 



Table 2. Composi t ion of  male and female Euphaus& superba, 
Notothenia coriiceps and the parameters used to calculate prey 
consumpt ion and A D M R  from water turnover rates; proximate 
biochemical composit ion of  E. superba and N. coriiceps f rom Clarke 
(1980) and Crawford (1979); preformed water (Pw) in food equals the 
water content divided by the dry weight; caloric content of  food (El) 
calculated assuming carbohydrate = 17.2 kJ - g - l ,  lipid = 39.4 kJ - 
g - l ,  and protein = 18.4 kJ - g - i  for uricotelic animals; metabolic 
water production (Mw) calculated assuming carbohydrate metabolism 
produces 3.1 x 1 0 - 2 g H 2  O • kJ -1, lipid produces 2.6 × 1 0 - 2 g H 2  O - 
kJ 1, and protein produces 2.6 × 10 -2  g H20  • k j - 1 ;  metabolizable 
energy coefficient for penguins f rom Costa (pers. comm.) 

Species Euphaus& Euphaus& Notothenia 
superba s u p e r b a  coriiceps 
(male) (gravid 

female) 

Composi t ion (%) 
Water 80.1 76 78 
Protein 10.4 10.6 17.1 
Lipid 2.4 6.3 0.97 
Carbohydrate  0.34 0.64 0.28 
Chitin 2.1 1.9 NA 
Ash 4.1 2.8 3.6 

Preformed water (Pw) 4.0 3.17 3.55 
(g HzO/g  dry food) 

Caloric content, Ef 19.28 22.73 16.28 
(kJ /g  dry food) 

Metabolic water, M w 2.64 2.64 2.64 
(g H 2 0 / k J  metabolized) 
× 10 -2  

Metabolizable energy 0.8 0.8 0.8 
coefficient, E m 
(J metabol ized/J  food) 

It  was assumed that all of  the foraging birds were in 
metabolic homeostasis. We think this is a valid assump- 
tion based on the small weight change ( -  0.72% _+ 3.8) 
for all of  the birds studied except gentoos 1 and 3. These 
latter two birds lost 10°70 and 15°70 of their body weight, 
respectively, over a 10 day period. The calculated water 
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flux rates used to estimate prey consumption and A D M R  
were appropriately corrected for changes in body weight 
and TBW according to Nagy and Costa (1980). Howev- 
er, whether the weight loss represented a real decrease in 
the bird 's  tissue mass is uncertain. Every at tempt was 
made to capture and weigh the birds after they had fed 
their chicks. However,  it was not possible to be certain 
that their stomachs were completely empty, and part  of 
their mass may have been undigested food. As a result, 
an apparent  increase or decrease in body weight might 
simply reflect differences in the amount  of  food 
remaining in the stomach. Despite these uncertainties, 
the estimated prey consumption for the 5 gentoos and 3 
macaronis is reasonably consistent. 

A significant error in the calculated A D M R  would 
result if the birds lost weight due to fat catabolism. The 
utilization of stored fat in small amounts would increase 
the bird's actual metabolism without a large change in 
body weight. For example, a 3°7o weight loss due to fat 
metabolism in a 6.2 kg gentoo would underestimate 
A D M R  by 20°70 over a 10 day period. Conversely, de- 
position of  fat while feeding would cause an overestimate 
of  ADMR.  However,  short term cyclical changes in the 
storage and utilization of  fat while at sea and on shore 
would be averaged during a 5 -  20 day study period so 
long as there was an overall stability of  body weight and 
composition. There was no reason to believe that forag- 
ing birds were not in metabolic homeostasis, and the 
small average weight change during the study period sup- 
ports this assumption. 

An important  consideration for birds feeding at sea is 
the ingestion of sea water. The deliberate or incidental 
ingestion of  sea water could not be quantified in this 
study, and it was assumed that all preformed water came 
f rom food. The estimated food consumption and A D M R  
calculated f rom water flux rates is, therefore, a maxi- 
mum estimate. The actual food consumption and 

Table 3. Prey consumpt ion and A D M R  of  free-ranging gentoo and macaroni  penguins. Values for A D M R  assume that equal numbers  of  male and 
female krill were consumed with a min imum and max i mum range (parenthesis) based on diets composed exclusively of either male or female krill. 
The allometric coefficient for the mass  dependent metabolism (0.729) and the estimated SMR from Aschoff  and Pohl (1970) 

Species Male or female krill Fish A D M R  A D M R  SMR A D M R / S M R  
(g f r e s h / k g ,  day) (g f resh/kg  - day) (W/kg) (W/kg-729) (W/kg) 

Gentoo 1 100 51 6.1 (5.3 - 6.8) 10.8 ( 9 . 4 -  12.0) 2.5 2.4 (2.1 - 2.7) 
Gentoo 2 120 61 7.2 (6 .3 -8 .1 )  11.8 ( 1 0 . 3 -  13.3) 2.7 2.7 ( 2 . 3 -3 .0 )  
Gentoo 3 130 67 7.8 (6 .8 -8 .8 )  12.8 (11 .2 -  14.5) 2.7 3.0 (2 .6 -3 .3 )  
Gentoo 4 138 71 8.3 (7 .2 -9 .3 )  12.9 (11 .2 -  14.5) 2.8 2.9 (2 .5 -3 .3 )  
Gentoo 5 102 52 6.1 (5 .3 -6 .9 )  9.5 (8 .2 -10 .7 )  2.8 2.2 (1 .9~2.4)  

Mean 118 61 7.1 11.6 2.7 2.6 
SD 17 9 0.99 1.4 0.1 0.34 

Macaroni  6 178 NA 7.7 (6 .3 -9 .0 )  11.1 (9.1 - 13.0) 3.1 2.5 (2 .1 -2 .9 )  
Macaroni  7 165 NA 7.2 (5 .9 -8 .4 )  10.2 ( 8 . 3 -  11.9) 3.1 2.3 (1 .9 -2 .7 )  
Macaroni  8 287 NA 12.4 (10.2 14.5) 17.1 (14 .1 -20 .0 )  3.2 3.9 (3 .2 -4 .5 )  

Mean 210 NA 9.1 12.8 3.1 2.9 
SD 67 NA 2.9 3.8 0.1 0.84 
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ADMR would be less than calculated if significant sea 
water were ingested. However, previous studies of Cali- 
fornia sea lions, Zalophus californianus, and harbor 
seals, Phoca vitulina, concluded that sea water ingestion 
was less than 10% of water intake and occurred accident- 
ly while swallowing food underwater (Pilson 1970; 
Depocas et al. 1971). 

There were no significant differences in the ADMR 
of gentoos and macaronis when scaled allometrically us- 
ing the coefficient of Aschoff  and Pohl (1970), nor in the 
ratio of A D M R / S M R  (Table 3). This suggests that de- 
spite pronounced differences in the duration of  individu- 
al foraging trips to sea, the energy expended per day by 
adults of the two species is approximately equivalent. 

The estimated ADMR of king penguins, Aptenodytes 
patagonicus, at South Georgia based on an equal divi- 
sion of time in the rookery and foraging at sea was 10.4 
W • kg -°'729 or 2.4 x SMR (Kooyman et al. 1982). Both 
values are very similar to those of  gentoos and macaronis 
(Table 3). Previous estimates of ADMR in birds weigh- 
ing 5 - 406 g range from 2 . 2 -  5.9 × SMR based on the 
following methods 1) pellet analysis, 2) crop content, 3) 
time-activity budgets combined with laboratory data, 4) 
observations of feeding rate and excretion rate and 5) 
doubly labeled water (King 1974; Hails and Bryant 
1979). Our values for gentoo and macaroni penguins are 
at the low end of  this range, but there are too few meas- 
urements to say whether the ADMR of aquatic birds 
such as penguins is less than flying birds. Underwater 
swimming is certainly a less expensive form of  locomo- 
tion than flying (Schmidt-Nielsen 1972), but most data 
for swimming are derived from studies on fish. Although 
penguins are hydrodynamically shaped to minimize drag 
(Nachtigall and Bilo 1980), measurements of swimming 
metabolism have not been made. 
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