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A.bstrcu:t. Field m:tabolic rates (FMRs or HF), all measured using doubly labeled water, 
of 23 species of eut?enan mammals, 13 speci_es of marsupial mammals, and 25 species of 
birds were sumr;nanzed and an~yzed allometncally (log10-log10 regressions). FMR is strong
ly correlated Wlth body mass m each of these groups. FMR scales differently than does 
basal or standard me~bol~c rate in eutherians (FMR slope= 0.81) and marsupials (FMR 
~lope= 0. 58~, but not ~n btr~s (FMR slope= 0.64 overall, but 0.75 in passerines and 0.75 
mall other brrds). Medtum-slZed (240-550 g) eutherians, marsupials, and birds have similar 
FMRs, and these are == 1 7 times as high as FMRs of like-sized ectothermic vertebrates 
~uch as iguanid lizards. Fo~ endothermic vertebrates, the energy cost of surviving in nature 

;;u.~o~;;-..~~s. _e~,n_ormo~~m~ Wl~. that fo!. . ectoth~ W,i~ . the eutherians, marsupials, or 
' . FMR ~es differe!lfiY for the fo~owmg subgroups: rodents, passerine birds, her-
btvorous euthenans, herbtvorous marsupials, desert eutherians, desert birds and seabirds. 
Equations are given for use in predicting daily and annual FMR and food ~uirement of 
a species of terrestrial vertebrate, given its body mass:'~"' · 
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INTRODUCilON 

transient assemblage of chemicals thllt ·makes 
animal requires energy for construction, main

and operation. Knowledge of the energy bud-
an animal can provide much insight into its 

plOl<>gy ecology, and evolution (Bennett and Ruben 
JSaJrthc:>loJmew 1982, Schmidt-Nielsen 1983), es

if one knows the energetics of the animal while 
normally in its natural habitat. Most of our 
of animal energetics comes from studies on 

wild animals and domestic animals (Brody 
Paynter 1974, Kleiber 1975, Hudson and White 
It is difficult to apply metabolic rate data from 

or domestic animals to free-living animals, 
are responding to variations in food supply, food 

predation, reproductive status, weather, and 
circumstances that captive animals may not ex

PQ1en,ce. Field metabolic rate (FMR or HF) is the total 
cost a wild animal pays during the course of a 

includes the costs of basal metabolism 
thermoregulation, locomotion, feeding, pred

avoidance, alertness, posture, digestion and food 
-; > · reproduction and growth, and other ex-

Ptl:laes that ultimately appear as heat, as well as any 
"i'Y!ngs resulting from hypothermia. 

·Energy metabolism in the field can be measured rou
tinely by means of doubly labeled water. This method 

measuring the washout rates of isotopes of 

hydrogen and oxygen injected in the form of water into 
animals in the field. The hydrogen isotope measures 
primarily water loss, while the oxygen isotope, which 
is in equilibrium with oxygen in water and in C02 , 

measures primarily the sum of water and C02 loss. The 
difference between isotope washout rates represents C02 

loss alone, and is a measure of metabolic rate (Lifson 
and McOintock 1966, Nagy 1975, 1980). A substantial 
number of wild eutherian mammals, marsupial mam
mals, and birds have now been studied with doubly 
labeled water, and it seems timely to do preliminary 
calculations and comparisons of the allometric rela
tionships between FMR and body mass for these ver
tebrate classes. The data sets presently available need 
more representation for several animal groups (e.g., 
large terrestrial birds, very small eutherian mammals 
such as shrews, large ruminants, desert marsupials), 
and I hope this report will stimulate research on some 
of these species. Although these shortcomings preclude 
satisfactory application of some of the physiological 
purposes of allometric analysis, such as understanding 
the mechanistic basis of the slopes and intercepts 
(Heusner 1982), the data can be used to evaluate eco
logically relevant questions about scaling of field me
tabolism. 

This analysis is aimed at four goals. The first is to 
determine whether FMR scales as does basal metab
olism in endothermic vertebrates. This is important 
because some models of ecological energetics have in
corporated allometric equations for basal metabolism. 
Second, how do the FMRs of endotherms compare 
with those ofectothermic vertebrates in nature? Third, 
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does FMR allometry reflect taxonomic, dietary, or hab
itat subgroups, as does BMR allometry? The fourth 
purpose is to present empirical models for FMR and 
food requirement that may be used by ecologists, phys
iologists, conservationists, ecosystem modelers, and 
wildlife managers for predicting food and energy de
mands of wild terrestrial vertebrates from knowledge 
of their body masses, diets, and habitats. 

METHODS 

In this paper, the term "field metabolic rate" (FMR) 
is used to describe estimates of energy metabolism based 
only on doubly labeled water (DLW) measurements of 
C02 production in free-living animals. This was done 
to distinguish DL W measurements from other pub
lished estimates of field metabolism, such as "average 
daily metabolic rate" (ADMR), which are long-term 
continuous measurements of oxygen consumption in 
captive animals (Morrison and Grodzinski 197 5), "daily 
energy budget" (DEB), which are based on measure
ments of existence metabolism (EM, the rate of meta
bolizable energy intake in caged animals maintaining 
constant body mass outdoors) plus estimates of the 
additional metabolic costs of free living, reproduction, 
etc. (Kendeigh et al. 1977), and "daily energy expen
diture" (DEE), which involves field measurements of 
time-activity budgets and laboratory measurements of 
the energetic costs of various activities (King 1974, 
Walsberg 1980, 1983). Recent studies indicate that some 
DEB and DEE estimates of energy metabolism may 
differ from DLW measurements by up to ±50% in 
birds (Weathers et al. 1984, Williams and Nagy 1984a) 
and mammals (Nagy and Milton 1979, Nagy and 
Montgomery 1980). , 

The accuracy ofDLW measurements of energy me
tabolism has been examined in captive animals by 
comparing simultaneous DLW measurements and C02 
production measurement (gas chromatograph or in
frared analyzer) or m~bolizable energy intake mea
surements. In earlier studies on six species of mammals 
and one bird species, the agreement between methods 
was within 4% on average (summarized by Nagy 1980). 
More recent studies indicate similar agreement in hu
mans (Schoeller and Van Santen 1982) and birds (Hails 
1979, Weathers etal. 1984, Williams and Nagy 1984b, 
Goldstein and Nagy 1985, Williams 1985). When dif
ferences are smaller than 5%, it is difficult to determine 
whether the errors are in the DL W method or in the 
other methods used for independent measurement of 
energy metabolism, or both. Considering the addition
al sources of error that may occur in field situations 
but not in most laboratory studies (Nagy 1980), most 
DLW measurements of FMR in mammals and birds 
are probably accurate to ±8% or better. In this analysis, 
I used DLW results only. 

FMR data for 23 species of eutherian mammals, 13 
species of marsupial mammals, and 25 species of birds 
were available for this analysis (Table 1). These mea-

Vol. 57, 

surements were made in a variety of habitats and 
croclimates, at different seasons, and in animals 
different diets, behavior patterns, and ages. 
the difficulties of recapturing birds (which seem to 
how to avoid being captured more quickly than 
vertebrates) during non breeding seasons, when 
not compelled to return repeatedly to their nests, 
of the FMR measurements available are for 
birds (see Season column in Table 1). I excluded 
the FMR data for animals that were probably not 
dothermic during DL W measurements, such as 
wintering desert rodents (Mullen l97la. b. Mullen 
Chew 1973) and nestling altricial birds (Fiala . · 
Congdon 1983, Gettinger et al. 1985, Williams 
Nagy 1985). Cohorts within species, such as 
females, and juveniles, may occupy diffe'rent 
niches, and individual animals may have diffe11en1tl 
abolic rates at various times of the year. 
statistically significant differences in FMR were 
between groups within species, I used group 
rather than a mean for the entire species. Thus, 
data and the regressions derived from them 
much as possible, the natural variation in the 
of living in the field. This approach should 
results more ecologically meaningful. (Re:caltcuhl~ 
regressions in Fig. I using species means alone 
no significant differences from cohort .....,,..,.,,.,;r•n~ 

Allometric analyses were done by regressing 
transformations of mean FMR values (the 
variable) upon log 10 transformations of the r.n•.,...''"" 
ing mean body mass values (the independent 
using the least-squares method (Dixon and 
1969). Results of the regression analyses are 
as follows: the equation for the regression line 
form 

log y = log a + b log x, 

where log y is log1oFMR (measured in ld.J~U9J~ 
day), log a is the intercept of the line 
untransformed value of FMR (in kilojoules per 
for a 1-g animal, b is the slope of the line, and log 
log10body mass (measured in grams). The 
statistics are given in Table 2 for each regression 
tion: standard error of intercept (SEq..), corlndienc:e 
terval of intercept (95% CI1.,.,.), standard error of 
(SE6), confidence interval of slope (95% a 6), IIUJ.uuoc• 

data points (N), coefficient of determination (r2), 
ability value (P) for significance of regression 
statistic), mean value of log1oX (log x), mean 
logiUy (logy), and the equation for calculating the 
confidence interval (95% CII'Iov) of a predicted 
value (P log y) at any given log x value (Dunn 
Oark 1974). 

These analyses were done on the data sets 
eutherian mammals, all marsupial mammals, 
birds. The resulting slopes were tested for 
differences (P < .05) from the slopes for basal 
bolic rate (baMR) for these groups using the 
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I. Summary of field metabolic rates (FMR), measured with doubly labeled water, in free-living mammals and birds. 

FtgUle Mass FMR nwn- Refer-Species (g) (kJ/d) Cohort• Habitatt Seasonf Diet§ berl encet 
Eutherian mammals Mus muscu/usti 13.0 39.8 A ss Au, W 0 I I Macrotus ca/ifornicus 12.6 22.2 A D Sp 2 2 13.3 20.8 A D w 3 2 Ckthrionomys rutilus# 13.6 59.0 A T w H 4 3 18.3 52.8 A T Sp H 5 3 15.9 60.2 A T Su H 6 3 16.1 58.5 A T Au H 7 3 Peromyscus crinitusti 13.4 39.3 A D w 0 8 4 Perognathus formosusti 16.3 25.4 A D Su G 9 5 16.8 44.7 A D Au G 10 5 Wi+· 18.0 53.0 A D w G 11 5 .-- ~~ 20.4 57.5 A D Sp G 12 5 Peromyscus leucopus# 19.4 36.6 A DF Au 0 13 6 Dipodomys merriamiti 32.0 37.3 A D Su G 14 7 33.0 52.9 A D Au G 15 7 39.1 63.6 A D w G 16 7 32.6 62.2 A ss Au, W 0 17 1 

!; 38.3 51.8 A D Sp 0 18 8 45.0 47.6 A D Sp 0 19 8 41.2 44.0 A D Sp 0 20 8 trimucronatus# 55.2 201 A T B H 21 9 l micropsil 54.7 34.5 A D Au 0 22 7 60.3 102 A D w 0 23 7 58.4 137 A D Sp 0 24 7 r-55.0 64.5 A D Su 0 25 7 ~t:"mospermophilus leucurusti 90.0 114 A D Sp 0 26 10 79.9 79.3 A D Su 0 27 10 82.1 79.6 A D F 0 28 10 96.1 79.0 A D w 0 29 10 Arvicola terrestrist# 81.9 149 A TM Sp H 30 11 89.7 88.7 M TM Su H 31 11 'Tamias striatus# 96.3 143 A DF Au 0 32 6 '71wmomys bottae# 99.4 127 A cs Su H 33 12 108 128 A cs w H 34 12 104 136 A cs Sp H 35 12 Lepus ca/ifornicus 1800 1416 A D Sp H 36 13 1800 1175 A D w H 37 13 Alouatta palliata 3200 1110 J TF D H 38 14 6250 2304 F TF D H 39 14 8415 2861 M TF D H 40 14 Arctocepha/us gazel/a 37 000 29 108 F M B c 41 15 Callorhinus ursinus 51 100 43 200 F M B c 42 15 51 100 28 992 F M B c 43 15 Odocoileus hemionus 39 975 23 375 F TM Sp H 44 16 67 100 40000 M TM Sp H 45 16 :zalophus californicus 84 000 38 445 F M B c 46 15 
Marsupial mammals Sminthopsis crassicaudata** 6.1 29.1 J TM Sp 1 17 16.6 68.8 A TM Sp 2 17 Antechinus stuarti1- 18.4 48.7 F EF w I 3 18 20.4 71.6 F EF w I 4 18 29.3 75.0 M EF w I 5 18 Antechinus swainsonii** 26.3 66.2 JF EF Sp I 6 19 32.1 92.1 JM EF Sp I 7 19 47.4 126 F EF Sp I 8 19 54.2 221 F EF B I 9 19 52.5 124 F EF B I 10 19 72.7 177 M EF B I 11 19 Petaurus breviceps 112 153 F EF w 0 12 20 135 192 M EF w 0 13 20 
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TABLE I. Continued. 

Figure 
Mass FMR num-

Species (g) (k:J/d) Cohort• Habitart Season:j: Diet§ berl 

Gymnobe/ideus leadbeateri 117 219 F EF Sp 0 14 21 
133 232 M EF Sp 0 15 21 

Pseudocheirus peregrinus 278 249 J EF Sp H 16 22 
717 556 A EF Sp H 17 22 

Petauroides volans 934 690 F EF w H 18 
1042 570 M EF w H 19 

Setonix brachyurus 1507 486 J ss Su H 20 
2472 662 A ss Su H 21 

Isoodon obesulus 1232 690 A EF Au 0 22 
Macropus eugenii 4555 1229 A ss Su H 23 
Thyloga/e billardieri 5445 1489 A EF Sp H 24 
Phascolarctos cinereus 7800 2050 F EF w H 25 

10800 2030 M EF w H 26 
Macropus giganteus 27 000 5611 F EF Sp H 27 

61900 II 734 M EF Sp H 28 
Birds 

Ca/ypte anna 4.5 26.7 A cs Su N I 
Zosterops /ateralisft 9.1 35.3 A EF Au F 2 

9.7 39.2 A EF Sp F 3 
9.6 50.7 A EF Sp F 4 

Hirundo tahiticatt 14.1 76.6 A TF B I 5 
Riparia ripariatt 14.3 81.7 A TM B 6 
Passerculus sandwichensisft 19.1 80.3 M SM B 0 7 

17.0 67.7 F SM B 0 8 
De/ichon urbicatt 20.1 77.1 A TM Su I 9 

20.3 71.2 M TM B I 10 
20.3 79.0 F TM B I 11 
18.9 74.2 F TM B I 12 
18.9 79.8 M TM B I 13 
18.2 94.4 A TM B I 14 
17.8 77.5 M TM B I 15 
17.8 84.1 F TM B I 16 
19.3 79.6 M TM B I 17 
18.7 80.7 F TM B I 18 

Hirundo rusticatt 20.4 104 F TM B I 19 
Phainopepla nitenstt 22.7 79.1 A D Sp 0 20 
Merops viridis 33.8 74.4 A TF B I 21 
Mimus po/yglottosft 47.6 121 M OF B 0 22 
Progne subisft 47.7 183 F OF B I 23 

50.3 143 M OF B I 24 
Oceanites oceanus 42.3 81 A M B c 25 

42.2 157 A M B c 26 
Sturnus vulgaristt 85.0 231 F OF B 0 27 

78.7 246 F OF B 0 28 
74.1 327 F OF B 0 29 
76.9 272 M OF B 0 30 ~··:. 

Callipep/a gambelii 145 90.8 A D Su 0 31 41 j Sterna fuscata 188 141 A M B c 32 42 ,,, 
184 340 A M B c 33 42 

Ammoperdix heyi 156 122 J,A D Su 0 34 43 ' . 
206 150 A D Sp 0 35 43 .• 
209 172 A D Au 0 36 43 

~ 
Anous sto/idus 195 352 A M B c 37 44 
Rissa tridactyla 386 913 A M B c 38 45 ' 

Alectoris chukar 333 220 J,A D Su 0 39 43 
432 259 A D Sp 0 40 43 
419 302 A D Au 0 41 43 

Puffinus pacifu:us 384 614 A M B c 42 46 
Diomedea immutabi/is 3069 1447 A M B c 43 47 

3064 2157 A M B c 44 47 
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Continued. 

Mass FMR Figure 
num- Refer-Cohort• (g) (kJ/d) Habitatt Seasont Diet§ berl enoe1 3170 1945 A M B c 45 48 

. Species it!;;;,'":' :-:---:----:---------::-:-:~----:::-:-:----:----:-:-_:._--::-_ _:.__--::-=---:-.;-__:=:.::_ · · · Spheniscus demersus 
Macronectes giganteus 

Pygoscelis adeliae 
Diomedea exulans 

3583 
4505 
3868 
7360 
9440 

4149 
4737 
4002 
2632 
3973 

• Cohort: A = adult, F = female, M = male, ] = juvenile. 

F 
M 
A 
F 
M 

M B c 46 49 M B c 47 49 
M B c 48 50 
M B c 49 51 M B c 50 51 

t Habitat: SS = semiarid scrub, D = desert, T = taiga or tundra, DF = deciduous forest, TM = temperate meadow, CS = chaparral scrub, TF = tropical forest, M = marine, EF = eucalypt forest, SM = salt marsh. t Season: Sp = spring, Su = summer, Au = autumn, W = winter, B = breeding, D = dry. . f Diet: 0 = omnivore, H = herbivore, l = insectivore, G = granivore, N = nectarivore, F = frugivore, C = carnivore ,; (primarily fish-eaters). 
· I Figure number corresponds to those in Fig. I. t References: I. K. Nagy and K. Morris, personal observation, 2. Bell et al. 1986, 3. Holleman et al. 1982, 4. Mullen 1971 a, S. Mullen and Chew 1973,6. Randolph 1980, 7. Mullen 1971b, 8. Degen et al. 1986,9. Peterson et al. 1976, 10. Karasov 1981, 1983, II. Grenot et al. 1984, 12. Gettinger 1984, 13. Shoemaker et al. 1976, 14. Nagy and Milton 1979, 15. Costa et 1985, 16. K. Nagy and N. Jacobsen, personal observaJion, 17. K. Nagy, A. K. Lee, R. Martin, and M. Aemin&, personal 18. Nagy et al. 1978, 19. A. K. Lee and K. Nagy, persona/ observation, 20. Nagy and Sucklin& 1985,21. Smith 982, 22. K. Nagy, R. Martin, and A. K. Lee, personal observation, 23. W. Foley and K. Nagy, perrona/ observation, Nagy, A. Bradley, and K. Morris, persona/ observaJion, 25. K. Nagy, B. Oay, and S.D. Bradshaw, personal observaJion, Nagy and G. Sanson, personal observation, 27. Nagy and Martin 1985, 28. D. Powers and K. Nagy, personal observaJion, S.D. Bradshaw, and K. Nagy, personal observation, 30. Bryant et al. 1984, 31. Westerterp and Bryant 1984, WJilliams and Nagy 1984a, 33. Williams and Nagy 1985, 34. Bryant and Westerterp 1980, 35. Hails and Bryant 1979, Weathers and Nagy 1980, 37. Utter 1971, 38. Utter and LeFebvre 1973, 39. Obst et al. 1987, 40. Ricklefs and Williams 1984,41. Goldstein and Nagy 1985,42. flint and Nagy 1984,43. Kam et al. 1987, 44. Ellis 1984,45. Gabrielsen et al. 1987, ;;:t6- Ellis et al. 1983, 47. H. Ellis, K. Nagy, T. Pettit, and G. C. Whittow, personal observaJion, 48. Nagy et al. 1984, 49. B. '~ Obst and K. Nagy, personal observation, SO. K. Nagy and B. Obst, personal observaJion, 51. Adams et al. 1987. · I Rodent. 

Dasyurid marsupial. 
Passerine bird. 

- baMR)/SEb, where t is the Student's t statistic 
and Azen 1979). Analysis of covariance (AN

A, Dixon and Massey 1969) was then used to test · tor differences among the three regressions. First, the Slopes were examined, and if the slopes did not differ 
ligniticantly between regressions, the common slope 
~calculated, and the adjusted regressions were then 
~ted for differences between intercepts. Subsequently, ~ups within the data sets for eutherians, marsu
pials, and birds were also compared using AN COY A. 

: 1~ion statistics shown are those derived from least
.··~ analyses, unless AN COY A indicated that slopes ·diet' not differ. In those cases, the statistics shown are 
those derived via ANCOV A on the basis of the common slope. 
. 'Feeding rates required to provide metabolizable en

ergy to animals as fast as they were oxidizing it (as 
measured by DLW) were calculated from information 
about diet energy content and assimilability. Details 's:e given in the section on food requirements below. 

RESULTS AND DISCUSSION 

Eutherians, marsupials, and birds 
·.Like BMR, FMR is strongly correlated with body tnass in eutherian mammals (Fig. !A). The regression 
equation for eutherians is: 

logy= 0.525 + 0.813 log x, (I) 
with r = 0.967. However, the slope of the FMR regres
sion, 0.813, is significantly higher (P < .025) than Klei
ber's (1975) BMR slope ofO. 75 and much higher (P <:: 
.005) than the BMR slope of 0.696 recently reported 
by Hayssen and Lacy ( 1985). Thus, FMR in the eu
therians studied to date is not a constant multiple of 
BMR. Most of the large eutherians are marine mam
mals, which are known to have relatively high BMRs 
(Robbins 1983), and this may contribute to the steep 
slope. However, the data for deer (points 44 and 45 in 
Fig. l A) fall in the middle of the marine mammals. It 
would be useful to know if deer are representative of 
large ruminants in general. Also, no FMR measure
ments have yet been made on shrews or other very 
active, very small eutherians. 

Marsupial mammals also have FMRs that correlate 
strongly with body mass (Fig. l B). The regression equa
tion for marsupials is: 

logy= 1.072 + 0.576 log x, (2) 

with r = 0.970. For marsupials, the FMR slope is 
significantly lower (P < .001) than the BMR slopes of 
0.737 reported by Dawson and Hulbert (1970) and 
0. 74 7 reported by Hayssen and Lacy (I 985). The ratio 
of FMR to BMR decreases with increasing body mass 

c: 
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TABLE 2. Regression statistics for allometry of field metabolic rates (k]/d) and feeding (dry matter ingestion) rates (gld) of 
terrestrial vertebrates. 

Units 95% CI 95% CI 
Group ofy log a (sa;,.. •) of log a b (SEJ ofb N ~ p 

Eutherian mammals 
All eutherians kJ/d 0.525 (0.057) 0.410 0.813 (0.023) 0.767 46 0.967 <.001 

0.640 0.859 
gld -0.629 (0.065) -0.760 0.822 (0.026) 0.769 46 0.958 <.001 

-0.497 0.874 
Rodents kJ/d 1.022 (0.141) 0.734 0.507 (0.087) 0.330 33 0.524 <.001 

1.310 0.684 
g/d -0.207 (0.194) -0.602 0.564 (0.119) 0.322 33 0.421 <.001 

0.189 0.807 
Other than kJ/d 0.239 (0.1 53) -0.097 0.885 (0.039) 0.800 13 0.979 <.001 

rodents 0.575 0.971 J¥ Herbivores kJ/d 0.774(0.109) 0.541 0. 727 (0.039) 0.644 17 0.959 <.001 
1.007 0.809 • gld -0.239 (0.109) -0.472 0. 727 (0.039) 0.645 17 0.960 <.001 ~.; -0.006 0.809 ,, 

,•o' 

Other than kJ/d 0.412 (0.058) 0.292 0.862 (0.026) 0.809 29 0.977 <.001 
herbivores 0.532 0.915 

Desert kJ/d 0.507 (0.053) 0.382 0. 786 (0.023) 0.731 23 0.963 
eutherians 0.633 0.841 

g/d -0.825 (0.10 I) -1.035 0.874 (0.056) 0.757 23 0.920 
-0.615 0.992 

Other than kJ/d 0.663 (0.072) 0.493 0. 786 (0.023) 0.731 23 0.963 
desert species 0.833 0.841 

Maruspial mammals 
All marsupials kJ/d 1.072 (0.054) 0.962 0.576 (0.020) 0.535 28 0.970 

1.183 0.617 
g/d -0.308 (0.046) -0.403 0.673 (0.017) 0.638 28 0.984 

-0.212 0.708 
Herbivores kJ/d 0.804 (0.123) 0.507 0.644 (0.034) 0.562 12 0.936 

1.101 0.725 
g/d -0.321 (0.181) -0.724 0.676 (0.050) 0.564 12 0.948 

0.081 0.788 
Other than kJ/d 0.978 (0.063) 0.825 0.644 (0.034) 0.562 16 0.936 

herbivores 1.131 0.725 

Birds 
All birds kJ/d 1.037 (0.064) 0.908 0.640 (0.030) 0.580 50 0.907 

1.166 0.699 
g/d -0.188 (0.060) 0.310 0.651 (0.028) 0.595 50 0.919 

-0.067 0.707 
Passerines kJ/d 0.949 (0.059) 0.809 0.749 (0.037) 0.663 26 0.899 

1.088 0.835 
g/d -0.400 (0.075) -0.554 0.850 (0.053) 0.741 26 0.915 

-0.247 0.960 
Other than kJ/d 0.681 (0.102) 0.442 0.749 (0.037) 0.663 24 0.899 

passerines 0.920 0.835 
g/d -0.521 (0.132) -0.794 0.751 (0.048) 0.652 24 0.919 

-0.248 0.850 
Desert birds kJ/d 0.703 (0.067) 0.568 0.660 (0.021) 0.617 8 0.953 

0.838 0.703 
g/d 0.045 (0.238) -0.536 0.445 (0.103) 0.192 8 0.755 

0.627 0.698 
Other than kJ/d 1.052 (0.046) 0.960 0.660 (0.021) 0.617 42 0.953 

desert species 1.145 0.703 
Seabirds lcJ/d 0.904 (0.187) 0.501 0.704 (0.061) 0.572 15 0.911 

1.307 0.836 
g/d -0.306 (0.187) -0.709 0. 704 (0.061) 0.572 15 0.911 

0.098 0.836 
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2.196 2.311 

"")1." 

•;.,">': 

2.196 

1.598 

1.598 

3.715 

2.566 

2.566 

1.980 

.• >1.701 

,...,, 
,;oo .. 2.266 
·~ 

2.266 

1.929 

... : 2.958 

;1!.2.958 1_, 

1.176 

1.831 

0.695 

3.528 

2.639 

1.626 

2.119 

1.844 

0.662 

2.778 

2.509 

1.370 

3.079 

2.066 

2.081 

2.305 

1.102 

1.981 

0.772 

2.657 

1.460 

2.199 

1.053 

2.326 

2.985 

1.775 
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95% a of predicted log ye 
c d e 

0.371 1.022 O.Ql5 

0.425 1.022 0.015 

0.316 1.030 0.313 

0.434 1.030 0.313 

0.386 1.077 0.049 

0.406 1.059 0.041 

0.405 1.059 0.041 

0.321 1.035 0.027 

1.995 O.Q31 0.0005 

0.311 1.044 0.142 

1.995 0.031 0.0005 

0.231 1.036 0.031 

0.199 1.036 0.031 

2.060 0.012 0.0011 

0.256 1.083 0.192 

2.060 0.011 0.0011 

0.368 1.020 0.026 

0.347 1.020 0.026 

2.014 0.026 0.0014 

0.158 1.038 0.480 

2.014 0.026 0.0014 

0.401 1.042 0.061 

2.014 0.019 0.0005 

0.275 1.125 0.848 

2.014 0.018 0.0005 

0.399 1.067 0.109 

0.399 1.067 0.109 

in marsupials, whereas in the eutherians studied thus 
far, FMR/BMR increases with increasing body mass. 
The FMR of a large (62 kg) male grey kangaroo is much 
lower than the FMR of a large (67 kg) male mule deer 
(compare point 45 in Fig. IA with point 28 in Fig. I B). 

For birds, FMR is highly correlated with body mass 
as well (Fig. I C). The regression equation for birds is: 

logy= 1.037 + 0.640 log x, (3) 

with f2 = 0. 907. In birds the FMR slope does not differ 
(P > .20) from the BMR slope of 0.668 for all birds 
(Lasiewski and Dawson 1967). 

Judging by the differences in slopes, FMR scales dif
ferently than does BMR in mammals, but not in birds. 
What about the elevations of the relationships: do mar
supials have lower FMRs than eutherians, and birds 
have higher FMRs than eutherians, as occurs with 
BMR? Plotting the three regression lines together (Fig. 
I D) reveals that the lines cross each other, and do not 
sort into the hierarchy clearly evident with BMR. AN
COY A applied to all three groups indicates that the 
slopes are not identical (F2, 118 = 25.1, P < .00 I). 
Pairwise ANCOV A comparisons show that the slopes 
for eutherians and marsupials differ (F,, 70 = 46.4, P < 
.00 I), the slopes for eutherians and birds differ 
(F1, 92 = 21.6, P < .001), but the slopes for marsupials 
and birds do not differ significantly (F,_ 74 = 2.69, P > 
.I 0). However, the intercepts for marsupials and birds, 
recalculated using the common slope of0.6I1, are sig
nificantly different (F,, , 5 = 7.42, P < .01), with birds 
having a higher intercept than marsupials. 

Zerbe et al. ( 1982) provide a statistical method for 
determining the range of x values over which two 
regressions with unequal slopes are too close to each 
other to differ significantly. This method indicates that 
the regressions for eutherians and marsupials do not 
differ between body masses of 71 and 548 g, and eu
therians do not differ from birds between body masses 
of 241 g and 9.44 kg. This suggests that the FMRs of 
eutherians, marsupials, and birds are similar for me
dium-sized (241-548 g) animals. It is not possible, on 
the basis of FMR measurements presently available, 
to determine whether a 250-g endotherm is a eutherian, 
a marsupial, or a bird from knowledge of its FMR 
alone. Thus the FMRs of medium-sized eutherians do 
not fall into the pattern of marsupial < eutherian < 
bird that is predicted on the basis ofBMR regressions. 
Small eutherians have lower FMRs than small mar
supials and birds, but large eutherians have compar
atively high FMRs. 

Endotherms and ectotherms 
The energy cost of living in nature for endotherms 

is enormous compared to that of ectotherms such as 
reptiles. The regression line for FMR in iguanid lizards, 
logy= -0.650 + 0.799logx, f2 = 0.981 (Nagy 1982) 
has a much lower elevation than those of mammals 
and birds (Fig. I D). A 250-g mammal or bird typically 

r 

--
( 

' 
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TABLE 2. Continued. 

Units 95%a 95%a 
Group ofy Log a (se .... J of Log a b (SEb) ofb N ,., p 

Other than kJ/d 1.325 (0.081) 1.161 0.440 (0.049) 0.340 35 0.709 <.001 
seabirds 1.489 0.540 

Iguanid lizards 
All iguanids kJ/d -0.650 (0.029) -0.711 0. 799 (0.023) 0.751 25 0.981 <.001 

-0.589 0.847 
Herbivores g/d -1.713 (0.123) -2.104 0.841 (0.059) 0.652 5 0.985 <.OOj. 

-1.321 1.029 
Insectivores g/d - 1.890 (0.03 7) -1.967 0. 773 (0.038) 0.693 20 0.958 

-1.812 0.853 

• Equation for calculating the 95% a of a predicted logy value at any log x value is of the form: 
95% a..,.,= logy ± c{d + e(log x- log x)2)0·5 • 

spends ==320 kJ of energy daily for oxidative metab
olism. This is 1 7 times as much as the 19 kJ required 
by a 250-g iguanid lizard during a spring or summer 
day. This difference results partly from a three- to six
fold greater capacity of endotherm tissues to process 
energy at the cellular level, as reflected in greater mi
tochondrial densities, relative membrane surface areas, 
enzyme activities, sodium transport, and thyroid ac
tivities (Bennett 1972, Else and Hulbert 1981, Hulbert 
and Else 1981). However, most of the difference is due 
to metabolic responses to daily thermal regimes. As 
ambient temperature drops at night, a lizard's body 
temperature and energy metabolism both decline, but 
an endotherm facing the same environment maintains 
a high body temperature at the expense of increasing 
metabolic heat production. For example, at an ambient 
temperature of 1 O"C, a typical 250-g endotherm has a 
resting metabolic rate that is ==200 times that of a 250-g 
lizard (calculated using the allometric regression of 
Hinds and MacMillen [1984] for mammals, and Ben
nett and Dawson's [1976] regression for lizards at 20", 
assuming a Q 10 of 3 between 100 and 20°). 

(Fig. 2A). The ANCOV A-generated regression 
rodents is: 

logy = 1.022 + 0.507 log x, 

with rl = 0.524. The regression line for other 
is: 

logy = 0.239 + 0.885 log x, 

with rl = 0.979. The FMR slope for rodents 
does not differ significantly (.1 0 > P > .05) 
slope for BMR in rodents (0.669, Hayssen and 
1985), but the confidence intervals for the FMR 
are relatively large (Table 2). Sixteen species 
have been studied (Table 1), but all are relatively 
( < 100 g); studies on larger rodents would be 

Eutherians in the Order Edentata are known to 
lower BMRs than other eutherians (Hayssen and 
1985). FMRs of two edentates are also much 
than FMRs of other eutherians. Three-toed 
(Bradypus variegatus, Nagy and Montgomery 
have a mass-corrected FMR of 0. 70 kJ · g-0 ·813 

which is only 21% of the rate of 3.35 kJ ·g-0·81 3.d- 1 

':>).·-·: 

Rodents, dasyurids, passerines 

The allometry of BMR within some taxonomic or
ders of mammals differs from the BMR regressions for 
the Class Mammalia or the BMR regressions for the 
Infraclasses Eutheria and Metatheria (marsupials) 
(Hayssen and Lacy 1985). Similarly, the higher BMR 
of birds in the Order Passeriformes as compared with 
other birds (Lasiewski and Dawson 196 7) is well known. 
Are these differences also apparent in FMR allometry? 

a typical eutherian (Eq. 1). Silky anteaters , ..... , ..... ., ..... 
didactylus, K. A. Nagy and G. G. Montgomery, 
sona/ observation) metabolize 1.27 kJ · g-o.m ·d -I, 

The data set for eutherians (Table l) contains an 
adequate number of FMR measurements on animals 
in the Order Rodentia to yield a statistically significant 
allometric regression, and hence permit ANCOV A 
comparisons of rodents with all other eutherians. The 
allometric slope for rodents is significantly lower 
(F1• 4 l = 15.3, P < .00 l) than that for other eutherians 

38% of the expected FMR. 
Within the marsupials, species in the Family 

uridae do not show a different allometric 
than do other marsupials (Fig. 28). ANCOVA 
cates that no significant differences exist between 
(F1• 2• = 2.34, P > .1 0) or intercepts (Fus = 2.98, 
.05). Thus, the overall regression for marsupials 
2 above) best describes the FMR allometry of 
rids. BMRs of dasyurids (MacMillen and Nelson 1 . 
also do not scale differently than BMRs of other 
supials (Dawson and Hulbert 1970). However, 
in the dasyurids listed in Table 1 accounts for only 
20% of FMR, with the remaining 80-87% 
activity, temperature regulation, and other energy 
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TABLE 2. Continued. 

95% a of predicted logy" 
IOiX logy c d e 
1.565 2.014 0.297 1.029 0.113 

!$:.·\ 

._,. 

1.075 0.209 0.161 1.040 0.088 

1.896 -0.119 0.358 1.200 0.278 

0.870 -1.217 0.151 1.050 0.279 

ofliving in nature. Thus, it is surprising that the FMRs 
ofdasyurids, which are active predators, do not have 
higher energy costs of living than other marsupials, 

_which include omnivores and herbivores (Table 1). 
.:4)-... Passerine birds, as a group, do have significantly .f)rl&ber FMRs than other birds (Fig. 2C). The slopes do 
:~: not differ (F,, 46 = 0.296, P > .5) but the intercepts do 

(F1, 47 = 1 7.3, P < .001 ). The regression equation for 
· · e birds is: 

·:'~: .- logy= 0.949 + 0. 749 log x, (6) 
-~~th r = 0.899. The regression equation for birds other 

than passerines is: 

logy= 0.681 + 0.749log x, (7) 

r = 0.899. The common slope for FMR of pas
and nonpasserines (0. 749) does not differ sig

~cantly (P > .20) from the slopes for BMR of pas
(0. 724) and nonpasserines (0. 723, Lasiewski 

_ Dawson 1967). This indicates that FMR may be 
e1auv.e1vconstant multiple ofBMR in birds, over a 

range ofbody mass. The ratios of predicted FMR 
~''"'""'-'Leu BMR for a 250-g bird are 2.49 for non

and 2.80 for passerines (BMR equations of 
and Dawson 1967), and passerine FMR is 

times BMR measured during the active phase of 
cycle, but 3.16 times BMR during the resting 

of the daily cycle (BMR equations of Aschoff 
Pohl 1970). These ratios are close to the values of 

times BMR estimated by Drent et a!. (1978) 
P.nr-..-·ntoo · ve for breeding birds. (Most of the FMR 

summarized in Table 1 were done on 
:R~~mtltg birds.) Predicted FMR of a passerine bird is 

higher than that of a non passerine bird. Caution 
be exercised when interpreting Eq. 7, because 

of the nonpasserines included in this regession 
all of the large nonpasserines) are seabirds. No 

·-""""""' bird larger than 500 g has yet been studied. 
measurements on eagles and vultures (for com

,_ • ...,'" with Giant Petrels and albatrosses) and on os-
1i!::<tl"'-'"'li, emus and rheas would be especially interesting. 

other than passerines are very diverse, and they 

probably should not be grouped together in an ecolog
ical context. 

Diet 
BMR may reflect the kinds of food resources used 

by different species of endotherrns (McNab 1974, 
1978a, 1980, Hayssen and Lacy 1985). Low BMRs 
may occur in small insectivorous, frugivorous, and gra
nivorous mammals, and in some groups ofherbivorous 
mammals as well (McNab 1986). Are dietary patterns 
reflected in FMRs of endotherms? The present FMR 
data sets are not complete enough to test for allometric 
differences for many diet types, but enough measure
ments are available to examine eutherian and marsu
pial herbivores, and to comment on eutherian grani
vores. 

FMR scales differently in herbivorous eutherians than 
in nonherbivorous eutherians (Fig. 3A). The allometric 
slope for herbivores is significantly lower (F1• 42 = 9.39, 
P < .005). The regression equation for herbivorous 
eutherians is: 

logy= 0.774 + 0. 727 log x, (8) 
with fl = 0.959. The equation for nonherbivorous eu
therians is: 

log y = 0.412 + 0.862 log x, (9) 
with r = 0.977. Large herbivores tend to have some
what lower FMRs than large nonherbivores, but small 
herbivores have somewhat higher FMRs than small, 
nonherbivorous eutherians. 

In marsupials, FMR also scales differently in her
bivores than in nonherbivores (Fig. 3C). The allometric 
slopes do not differ (F,, 24 = 1.11, P > .25), but the 
intercepts do (F,, 25 = 5.69, P = .01). The regression 
equation for herbivorous marsupials is: 

logy = 0.804 + 0.644 log x, (1 0) 
with fl = 0. 936. The equation for nonherbivorous mar
supials is: 

logy= 0.978 + 0.644 log x, (11) 
with fl = 0.936. Herbivorous eutherians generally have 
higher FMRs than herbivorous marsupials. The slopes 
of the two regressions do not differ (F,, 25 = 0.41, P > 
.50), but the intercepts do (F,, 26 = 14.2, P < .001). 

Although seven data points for seed-eating euthe
rians are available, they span only a small range of 
body masses, and there is no significant allometric re
lationship among these points (P > .25). Field meta
bolic rates of granivorous eutherians fall among those 
of similar-sized eutherians having other diets (Fig. 3B), 
suggesting that no major difference exists in FMR. 

Habitat 
Oimate and habitat type are known to affect the 

BMR of mammals and birds (Hulbert and Dawson 
1974, McNab 1978b, 1979, Weathers I 979, 1980, 
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FIG. I. Allometry of field metabolic rate among (A) eutherian mammals, (B) marsupial mammals, and (0 birds. 
numbers, which are offset in some cases to improve readability, correspond to the species numbers in Table I. In (D), 
regression lines for eutherians, marsupials, and birds are compared with each other and with that for iguanid lizards (log 
-0.650 + 0.799 log X, Nagy 1982). 

Dawson 1984). In particular, desert-dwelling endo
therms often have lower BMRs than predicted from 
allometric equations, and seabirds tend to have high 
BMRs (Ellis 1984). 

Eutherians living in desert habitats have FMRs that 
are 30% lower than nondesert eutherians (Fig. 4A). The 
slopes of the regressions do not differ significantly 
(F,_ 42 = 0.24, P > .50) but the intercepts, recalculated 
using the common slope, do differ (F1, 43 = 7 .81, P < 
.01). The regression equation for desert eutherians is: 

logy = 0.507 + 0. 786 log x, (12) 

with r2 = 0. 963. The equation for nondesert 
is: 

logy = 0.663 + 0. 786 log x, 

with r = 0.963. 
Similarly, desert birds have FMRs that are less 

half those in nondesert birds (Fig. 48). The slopes 
these regressions do not differ (F1• 46 = 3.46, .1 0 > P 
.05) (although the difference is close to statistical 
nificance), but the intercepts are significantly 
(F,. 47 = 46.8, P < .001). The regression equation 
desert birds is: 
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FIG. 2. Allometry of FMR among taxonomic subgroups: (A) rodents differ from other eutherians, (B) dasyurids do not differ significantly (ANCOV A) from other marsupials, but (Q passerine birds differ from other birds. The regression line for (A) was extended beyond the data to improve clarity. 

logy= 0.703 + 0.660 log x. (14) 
r = 0.953. The equation for nondesert birds is: 

logy = 1.052 + 0.660 log x. (15) 
r = 0.953. The FMR regression for desert birds 
significantly lower slope (F1, 27 = 4.80, P = <.05) 
that for desert eutherians, but the two regression 
cross at a body mass of =:: 35 g. McNab (1986) 
ted that the low BMRs of small desert eutherians 

,·· ~y be a consequence of diet rather than habitat. There 
' ·. too few FMR measurements presently available to 

.. uate the relative importances of diet and habitat 
:i~rrelates of FMR scaling in eutherians or birds. Field 

.. 'es of individual species, especially a species that 
,, a seasonally changing diet, could test this hypoth-
~esis directly. 
;*·;The allometry of FMR in seabirds differs from that 
S~fnonseabirds (Fig. 4C). Seabirds show a higher slope 
'(Fa, 46 = 12.6, P < .001). The regression equation for 
l'eabirds is: 

logy= 0.904 + 0.704log x. (16) ··tb r2 = 0.911. The equation for nonseabirds is: i.)i: 

Jog y = 1.325 + 0.440 log x. (17) 

:with r2 = 0.709. The FMR slope for seabirds (0.704) a~ not differ significantly (P > .40) from the seabird 
~MR. slope (0.721, Ellis 1984). 

Season 
>Some species of endotherms have FMRs that differ 

i tly from season to season, but other species ap
. ntly have relatively constant FMRs through time 
.:. ble 1). For example, the pocket gopher Thomomys 

..;·:r.· 

bottae had a maximum, mass-corrected FMR (during 
spring) that was only 8% higher than its minimum 
FMR, which occurred in winter (spring FMR = 12.9 
kJ ·g-0·507 ·d- 1, winter FMR = 11.9 kJ ·g-0·507 ·d- 1, cor
rected for body mass differences on the basis of Eq. 4 
for rodents). Similarly, the desert-dwelling partridges 
Ammoperdix heyi and Alectoris chukar, had maximum 
FMRs only 16 and 19% higher than minimum FMRs, 
respectively (mass corrections based on Eq. 14 for des
ert birds), while the desert jackrabbit Lepus californicus 
had a 20% higher FMR in spring compared to winter 
(mass-corrected using Eq. 12). On the other hand, max
imum FMR (spring) was 283% higher than the mini
mum (summer) in the desert rodent Dipodomys mi
crops and l 05% higher in spring than in summer for 
the desert rodent Perognathus formosus (mass correc
tions based on Eq. 4). Seasonal variation in FMR has 
not been measured in enough species of endotherms 
at present to permit allometric analyses to be done by 
season. Seasonal changes in FMR have been measured 
in only one species of marsupial (Antechinus swain
sonil), where lactating females had a mean FMR 7 5% 
greater than they did during the preceding mating pe
riod. Seasonal DLW measurements have been done on 
only two species of birds (Ammoperdix heyi and Alec
loris chukar. Table l). Birds present a problem in this 
regard, because many species are readily capturable 
only during the breeding season. As a result of this, the 
FMR data and allometric regressions reported herein 
for birds are biased strongly toward the breeding season 
(see Table 1). 

Food requirements 
The rate of food consumption an animal must achieve 

to provide the energy it uses in oxidative metabolism 

•.. .... 
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FIG. 3. Allometry of FMR among dietary subgroups: (A) herbivorous eutherians differ from nonherbivorous 
(B) seed-eating eutherians do not differ from other eutherians, and (C) herbivorous marsupials have lower 
nonherbivorous marsupials. 

can be calculated by dividing its FMR, in units of 
kilojoules per day, by the metabolizable (useable) en
ergy in its food, in units ofkilojoules per gram of food. 
Thus, the FMR data in Table l can be used to generate 
regressions for steady-state feeding rates that free-liv
ing mammals and birds must achieve over any con
siderable period of time. 

Metabolizable energy (ME) in a diet is the total (gross) 
energy in a unit of food consumed minus the energy 
lost as feces and urine resulting from that unit of food. 
Metabolizable energy efficiency (the ratio ME/total en
ergy, or the fraction of gross energy that is metaboliz-

~ 106 
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1:J 
....... •DESERT: •DESERT: 

able) is relatively constant among different 
mammals and birds that are either carnivorous, 
tivorous or granivorous (Hume 1982, Peters 
Robbins 1983). In herbivorous mammals, 
able energy efficiency for cell wall coinpon1ents' 
creases with increasing body mass, because food· 
ments for longer periods in larger herbivores 
1978, van Hoven and Boomker 1985). However, · 
herbivores generally select younger and more 
vegetation that contains relatively low amounts . 
wall materials, so actual metabolizable energy 
cy tends to be independent of body mass (Parra I 
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FIG. 4. Allometry of FMR among habitat subgroups: (A) desert eutherians have lower FMRs than nondesert 
(B) desert birds have lower FMRs than nondesert birds, and (C) seabirds differ from nonseabirds. 
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~; TABLE 3. Summary of allometric equations for field metabolic rates and feeding rates of free-living mammals, birds, and ~l, lizards. The equations have the form y = axe where y is FMR (in kJ/d) or feeding (dry matter ingestion) rate (in gld) and J!S. x is body mass (in g). 

~ 
Units of Units of 95% a of predicted y, Group y a X b as % of predicted y* Equation ·~· 

Eutherian mammals 
All eutherians kJ/d 3.35 g 0.813 -58 to+ 138% 18 gld 0.235 g 0.822 -63 to + 169% 19 Rodents kJ/d 10.5 g 0.507 -52 to +110% 20 

~~-- Herbivores 
gld 0.621 g 0.564 -64to+176% 21 
kJ/d 5.95 g 0.727 -62 to+ 161% 22 gld 0.577 g 0.727 -62 to +161% 23 Desert eutherians kJ/d 3.21 g 0.786 -59 to+ 141% 24 gld 0.150 g 0.874 -52 to+ 108% 25 

Marsupial mammals 
All marsupials kJ/d 11.8 g 0.576 -42 to +72% 26 gld 0.492 g 0.673 -37to+59% 27 Herbivores kJ/d 6.36 g 0.644 -40 to +67% 28 gld 0.321 g 0.676 -46 to +84% 29 

Birds ez: kJ/d 10.9 g 0.640 -57 to +135% 30 gld 0.648 g 0.651 -55 to +124% 31 . 
kJ/d 8.88 0.749 -53 to +Ill% 32 '· es g 
gld 0.398 g 0.850 -31 to +45% 33 
kJ/d 5.05 g 0.660 -47 to +91% 34 gld l.ll g 0.445 -49 to +95% 35 
kJ/d 8.01 g 0.704 -53 to +113% 36 gld 0.495 g 0.704 -61 to +159% 37 

Iguanid lizardst 
kJ/d 0.224 g 
gld 0.019 g 
gld 0.013 g 

mean x for the regression (see text for details). 
,,Recalc;ul~lted from Nagy (1982). 

combining average values for metabolizable energy 
lllCitenc:v for mammals and birds eating various diets 

1982, Peters 1983, Robbins 1983) with typical 
energy contents of those diets (Galley 1961, Rob

' bins 1983), I calculated the following mean metabo
~~ble energy contents (in units of kilojoules of meta
~~)olizable energy per gram of dry matter): insects, 18.7 
~~/g for mammals and 18.0 kJ/g for birds; fish, 18.7 
· k)/g for mammals and 16.2 kJ/g for birds (all cami
·vores listed in Table l eat primarily fish or marine 
:invertebrates); vegetation, 10.3 kJ/g for mammals; 
-seeds, 18.4 kJ/g for eutherians; and nectar, 20.6 kJ/g 
for hummingbirds. I estimated an intermediate value 
of 14 kJ/g for omnivorous mammals and omnivorous 
and frugivorous birds. Feeding rates were calculated 
using these values and FMR values for each cohort 
listed in Table I, and allometric relationships for field 
food requirements of the various groups of mammals 
and birds were calculated via least-squares linear 
regression of the log-transformed data. In addition, 
allometric relationships for feeding rates of herbivo
rous and insectivorous iguanids were recalculated (as 
above, from data in Nagy 1982). Feeding rate regres
sions and associated statistics are shown in Tables 2 
and 3. 

0.799 -32 to +46% 38 
0.841 -59 to +146% 39 
0.773 -30 to +43% 40 

Predicting FMR and food requirement 
The allometric equations describing BMR in ver

tebrates have been very valuable to biologists. Those 
equations can be used to predict the BMR of animals 
from knowledge of body mass alone, or they can be 
used, for example, to evaluate the limits and con
straints on body size or the interdependence of phys
iological and morphological properties of animals, and 
they establish the "standard," against which unusual 
species or groups of animals may be compared to reveal 
adaptations (Calder 1984, Schmidt-Nielsen 1984). The 
allometric relationships for FMR and feeding rate above 
can serve similar applications, in regard to the actual 
performance of wild animals living in their natural 
habitats. The exponential forms of these equations are 
the easiest to use on a day-to-day basis, so these forms 
are summarized in Table 3. 

In many applications, it is important to have some 
estimate of the variation around a FMR or feeding rate 
value predicted for a given body mass via these equa
tions. Two measures of the variation around regression 
lines are available. One is the 95% confidence interval 
of the regression (dashed lines in Fig. 5), which is cal
culated from, and applies only to, the data set used in 

( 
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F1o. 5. Comparison of the scaling of FMR (e, --) 
and standard metabolic rate (SMR, open circles, --), along 
with the 95% confidence limits of the regressions(---) and 
the 95% confidence limits of the predictions(·····). The dot
ted lines apply to predictions of new y values at given x values. 

the regression itself. In some earlier publications, this 
measure has erroneously been used to estimate confi
dence intervals of predicted values. The other is the 
95% CI of the prediction (dotted lines in Fig. 5), which 
incorporates the additional uncertainty expected in new 
data points, and hence yields much wider confidence 
intervals (Fig. 5). The 95% CI of the prediction is the 
appropriate measure of variation to use when predict
ing new FMR or feeding rate values (Dunn and Oark 
1974). The confidence intervals of the prediction ex
pand toward the ends of the regression line (Fig. 5) 
because of increasing uncertainty with increasing dis
tance from the mean log x value. For this and other 
reasons, it is risky to extrapolate these allometric equa
tions beyond their empirical limits. In order to provide 
an idea of the confidence in predicted FMR or feeding 
rate values, I calculated the 95% CI for each equation 
at mean log x (where 95% CIS are smallest), took the 
antilog, and expressed the confidence limits as percents 
of predicted y (Table 3). The upper confidence limit is 
farther from predicted y than is the lower confidence 
limit after antilog transformation. For most equations, 
the lower confidence limit is 50-60% below predicted 
y, and the upper limit is between 100 and 1 70% greater 
than predicted y. 

The FMR equations in Table 3 should yield pre
dicted FMRs and 95% as that reflect the variability 
that actually occurs in the field. The data used to derive 

these regressions include variation due to diffe11enli 
in age, season, habitat, microclimate, behavior, 
(Table 1). My intent was to generate the most 
widely applicable models of FMR possible with 
able measurements. The equations for birds are 
successful in this regard, because most 
for birds were made during the breeding season 
birds, especially seabirds, can be captured and rec:an:rt:•·· 
tured reliably). 

Predicted feeding rates are those required to ....... uc·voo . 

energetic steady-state, and do not include the a<lA~~ 
tiona! food energy allocated to production (increase · 
biomass). The extra metabolic heat produced due 
the added metabolic costs of growth and 
are already incorporated to some extent, because 
of the FMR measurements in Table 1 were 
growing or reproducing animals. However, the 
ical potential energy from the food that appears as 
biomass is not accounted for in feeding rates 
from FMR alone. Food consumption predicted 
FMR, and calculated on a daily basis, should be 
to actual feeding rates in adult mammals for 
the year, because nonbreeding adults usually 
grow much, and are maintaining energy budgets 
steady-state conditions. For animals that bec:on:te 1 
perphagic while undergoing prehibemation or 
gratory fattening, feeding rates predicted from 
will be underestimates during the fattening period.·· 
they will be overestimates during the 
migration periods, when feeding is reduced. Such 
dictions, if summed over the entire cycle of 
and fasting, should be close to the actual, · 
feeding rate over the entire period, provided that 
animal ends up with a body mass and chemical 
position close to those it had at the beginning 
fattening period. 

If annual food consumption by a population is 
dieted from the equations in Table 3, food · 
will be underestimated by that amount of 
pearing as new biomass (=production, the sum 
production and of growth of adults). This error 
be < 5% because endotherms in general channel 
0.5-3% of the energy they ingest into production 
an annual basis (McNeill and Lawton 1970, 
1970, Humphreys 1979). However, on a daily 
individual lactating female eutherians, or adult 
feeding large nestlings, may consume much more 
energy than they themselves metabolize, so daily 
ing rates predicted from FMR can be much too 
these situations. 

To illustrate the predictive capabilities of these 
tions, assume we wish to estimate the daily and 
costs of living, as well as the food requirements, 
spotted skunks (Spi/oga/e putorius), for an indi 
animal and on a population basis. Assume males 
900 g and females average 500 g, and there are 
pairslha ofhabitat. From Eq. 18, predicted FMR 
male is 845 kJ/d, and for the female, 524 kJ/d. 
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, · FMR would be 308 MJ/yr (845 kJ/d · 365 d/yr), for the 

';~ male, and 191 MJ/yr for the female. Energy respired 

l
i.•. by the population would be 1497 MJ·ha-•·yr-• [(3· 
~308 MJ/yr) + (3 ·191 MJ/yr)). From Eq. 19, predicted 

:•_·.· food_. (dry matter) requirements are 63 gld for the male, 
'~d 39 gld for the female. Annual food requirements 

for maintenance would be 23 kglyr for the male, 14 
kglyr for the female, and Ill kg· ha -• · yr- 1 for the pop
ulation. These estimates of annual food consumption 
should be increased by 1-3% to account for the addi-

' tiona! food chemicals appearing in biomass of weaned 
offspring and increased biomass of growing adults. 

A more accurate prediction of food requirements can 
be made by incorporating measurements of diet and 
metabolizable energy efficiency specifically for Spi/oga
le putorius. For example, if one knows that the diet is 
90% animal matter and 10% vegetation, and that the 
dry matter in this diet contains 20.0 kJ/g, of which 
16.0 kJ/g is metabolizable, then feeding rates can be 
~cw.a1e:o directly from predicted FMRs by dividing 

by 16.0 kJ/g. Feeding rates estimated this way 
matter) are 53 g!d for a male and 33 gld for a 

, =::: 15% lower than the feeding rates predicted 
Eq. 19 which assumes a more catholic diet. 

Conclusions 
-. .,,.-

~ 1)' Field metabolic rates are closely correlated with 
· , ,,bodY mass (t'l values for log10-log10 regressions 

are 0.91 to 0.97) in eutherian mammals, mar
supial mammals, and birds. 
FMR scales differently from BMR in eutherians 

. and marsupials, but not in birds. 
FMRs ofmedium·sized (240 to 550 g) eutherians, 
marsupials, and birds are similar, indicating that 
the energetic cost of living for a day in the field 
is about the same for medium-sized endotherms. l:::;- .. This cost is =::: 17 times greater than that paid by 
a similar-sized ectotherm (diurnal lizard). 

-~ · 4 FMR scales differently among rodents (com'•_·· : 'i · pared with other eutherians), among passerine .. ;."' 

:: -~'"D birds (compared with other birds), and among 

ljj":1:: 
:t:.~· 

herbivorous eutherians and marsupials (com
pared with nonherbivorous eutherians and mar
supials, respectively). Desert eutherians and birds 
have relatively low FMRs, and FMR scales dif

. ~--, ferently in seabirds than in other birds. 
· S) Within different species, seasonal changes in FMR 

·~ . may be small (less than I 0% in pocket gophers) 't!:'· or large (nearly four-fold in some kangaroo rats). 
"~6) Equations are given for predicting FMRs and food 
C requirements of free-living mammals, birds, and 

lizards. 

Questions for future research 

1) Do large terrestrial eutherians and birds have 
FMRs as high as large marine eutherians and 
birds? 

2) Do desert marsupials have relatively low FMRs, 
as do desert eutherians and birds? 

3) Do bats, which account for a large portion of the 
world's species of small eutherians, typically have 
FMRs as low as that of Macrotus (Table 1)? 

4) What are the ecological bases of the observations 
(a) that medium-sized eutherians, marsupials, and 
birds all have similar FMRs but quite different 
BMRs, (b) that large herbivorous eutherians (deer) 
have much higher FMRs than do large herbiv
orous marsupials (kangaroos), and (c) that small 
eutherians have much lower FMRs than do small 
marsupials? Do these differences have physiolog
ical explanations as well? 

5) How do habitat and diet effects on FMR interact 
with each other, and what are their physiological 
and behavioral bases? 

ACKNOWL.EDOME!'oo"TS 

This review and many of the studies cited herein were funded by the Ecological Research Division of the U.S. Department of Energy via Contract DE-AC03-76-SF00012 and by NSF grant DEB 79-03868. I am grateful to G. A. Bartholomew for the stimulus to undertake this task, to A. Bennett, T. Bucher, B. Henen, R. Peters, C. Peterson, and K. SchmidtNielsen for their patient assistance with statistics, to my collaborators A. J. Bradley, S. D. Bradshaw, B. Oay, A. A. Degen, H. I. Ellis, M. R. fleming, W. J. Foley, N. K. Jacobsen, M. Kam, A. K. Lee, R. W. Martin, K. D. Morris, B.S. Obst, T. N. Pettit, D. R. Powers, I. Rooke, G. Sanson, and G. C. Whittow for permission to cite our as yet unpublished results, and to G. A. Bartholomew, A. F. Bennett, W. A. Calder III, A. A. Degen, H. B. Lillywhite, R. E. MacMillen, B. K. McNab, and W. A. Montevecchi for their comments on various versions of the manuscript. 

LITERATURE CITED 
Adams, N.J., C. R. Brown, and K. A. Nagy. 1987. Energy 

expenditure of free-ranging Wandering Albatrosses Diomedea exulans. Physiological Zoology, 59:583-59 L 
Afifi, A. A., and S. P. Azen. 1979. Second edition. Statistical analysis: a computer oriented approach. Academic Press, New York, New York, USA . 
Aschoff, J., and H. Pohl. 1970. Der Ruheumsatz von VCigeln als Funktion der Tageszeit und der Korpergrosse. Journal of Ornithology 111:38-47. 
Bartholomew, G. A. 1982. Energy metabolism. Pages 46-93 in M. S. Gordon, editor. Animal physiology: principles and adaptations. Fourth edition. Macmillan, New York, New Y orlc, USA. 
Bell, G. P., G. A. Bartholomew, and K. A. Nagy. 1986. The roles of energetics, water economy, foraging behavior, and geothermal refugia in the distribution of the bat, Macrotus californicu.s. Journal of Comparative Physiology B 156:441-450. 
Bennett, A. F. 1972. A comparison of activities of metabolic enzymes in lizards and rats. Comparative Biochemistry and Physiology 42B:637-647. 
Bennett, A. F., and W. R. Dawson. 1976. Metabolism. Pages 127-223 in C. Gans and W. R. Dawson, editors. Biology of the reptilia. Volume 5. Academic Pres~. London, England. 
Bennett, A. F., and J. A. Ruben. 1979. Endothermy and activity in vertebrates. Science 206:649-654. 



126 KENNETH A. NAGY 

Brody, S. 1945. (Reprinted 1968.) Bioenergetics and growth. 
Hafner, New York, New York, USA. 

Bryant, D. M., C. J. Hails, and P. Tatner. 1984. Reproduc
tive energetics of two tropical bird species. Auk 101:25-37. 

Bryant, D. M., and K. R. Westerterp. 1980. The energy 
budget of the house martin (Delichon urbica). Ardea 68: 
91-102. 

Calder, W. A., III. 1984. Size, function, and life history. 
Harvard University Press, Cambridge, Massachusetts, USA. 

Costa, D., P. Thorson, S. Feldkamp, R. Gentry, R. DeLong, 
G. Antonellis, and J. Croxall. 1985. At sea foraging en
ergetics of three species of pinniped. Federation Proceed
ings 44(4):1000. 

Dawson, T. J., and A. J. Hulbert. 1970. Standard metab
olism. body temperature, and surface areas of Australian 
marsupials. American Journal ofPhysiology 218: 1233-1238. 

Dawson, W. R. 1984. Physiological studies of desert birds: 
present and future considerations. Journal of Arid Envi
ronments 7:133-155. 

Degen, A. A., M. Kam, A. Hazan, and K. A. Nagy. 1986. 
Energy expenditure and water flux in three sympatric desert 
rodents. Journal of Animal Ecology, 55:421-429. 

Dixon, W. J., and F. J. Massey. 1969. Third edition. Intro
duction to statistical analysis. McGraw-Hill, New York, 
New York, USA. 

Drent, R. H., B. Ebbinge, and B. Weijand. 1978. Balancing 
the energy budgets of arctic-breeding geese throughout the 
annual cycle: a progress report. Verhandlungen Ornithol
ogisches Gesellschaft Bayern 23:239-264. 

Dunn, 0. J., and V. A. Oark. 1974. Applied statistics: anal
ysis of variance and regression. John Wiley and Sons, New 
York, New York, USA. 

Ellis, H. I. 1984. Energetics of free-ranging seabirds. Pages 
203-234, in G. C. Whittow and H. Rahn, editors. Seabird 
energetics. Plenum, New York, New York, USA. 

Ellis, H. I., T. N. Pettit, and G. C. Whittow. 1983. Field 
metabolic rates and water turnover in two Hawaiian USA 
sea birds. American Zoologist 23:980. 

Else, P. L., and A. J. Hulbert. 1981. Comparison of the 
"mammal machine" and the "reptile machine": energy pro
duction. American Journal of Physiology 240:R3-R9. 

Fiala, K. L., and J. D. Congdon. 1983. Energetic conse
quences of sexual size dimorphism in nestling Red-winged 
Blackbirds. Ecology 64:642-647. 

Flint, E. N., and K. A. Nagy. 1984. Flight energetics of free
living Sooty Terns. Auk 101:288-294. 

Gabrielsen, G. W., F. Mehlum, and K. A. Nagy. 1987. Daily 
energy expenditure and energy utilization of free ranging 
Black-Legged Kittiwakes (Rissa tridactyla). Condor, in press. 

Gettinger, R. D. 1984. Energy and water metabolism of free
ranging pocket gophers, Thomomys bottae. Ecology 65:740-
751. 

Gettinger, R. D., W. W. Weathers, and K. A. Nagy. 1985. 
Energetics of free-living nestling house finches: measure
ments with doubly labeled water. Auk 102:643-644. 

Goldstein, D. L., and K. A. Nagy. 1985. Resource utilization 
by desert quail: time and energy, food and water. Ecology 
66:378-387. 

Golley, F. B. 1961. Energy values of ecological materials. 
Ecology 42:581-584. 

Grenot, C., M. Pascal, L. Buscarlet, J. M. Francaz, and M. 
Sellami. 1984. Water and energy balance in the water vole 
(A.rvicola terrestris Sherman) in the laboratory and in the 
field (Haut-Doubs, France). Comparative Biochemistry and 
Physiology 78A:I85-196. 

Hails, C. J. 1979. A comparison of flight energetics in Hi
rundines and other birds. Comparative Biochemistry and 
Physiology 63A:581-586. 

Hails, C. J., and D. M. Bryant. 1979. Reproductive ener-

getics of a free-living bird. Journal of Animal Ecology <48: 
471-482. . 

Hayssen, V., and R. C. Lacy. 1985. Basal metabolic ra~~t 
in mammals: taxonomic differences in the allometry ofB~~·: 
and body mass. Comparative Biochemistry and PhysioiOsf ·'1 

81A:741-754. ·. 
Heusner, A. A. 1982. Energy metabolism and body size. U. 

Dimensional analysis and energetic non-similarity. Res.. 
piration Physiology 48: 13-25. 

Hinds, D. S., and R. E. Mac Millen. 1984. Energy scaling iri 
marsupials and eutherians. Science 225:335-337. 

Holleman, D. F., R. G. White, and D. D. Feist. 1982. Sea~ 
sonal energy and water metabolism in free-living Alaska& . 
voles. Journal of Mammalogy 63:293-296. ·' ' 

Hudson, R. J., and R. G. White. 1985. Bioenergetics of wild 
herbivores. CRC Press, Boca Raton, Florida, USA. 

Hulbert, A. J., and T. J. Dawson. 1974. Standard 
olism and body temperature ofperameloid marsupials 
different environments. Comparative Biochemistry 
Physiology 47A:583-590. 

Hulbert, A. J., and P. L. Else. 1981. Comparison of 
"mammal machine" and the "reptile machine": energy 
and thyroid activity. American Journal of Physiology 
R350-R356. 

Hume, I. D. 1982. Digestive physiology and uu1.1u.Jtuu 

marsupials. Cambridge University Press, Cambridge, 
gland. 

Humphreys, W. F. 1979. Production and respiration in 
imal populations. Journal of Animal Ecology · 

Kam, M., A. A. Degen, and K. A. Nagy. 1987. 
energy, water and food consumption of free-living 
(Aiectoris chukar) and Sand Partridges (Ammoperdix 
in the Negev Desert. Ec~logy 68, in press. 

Karasov, W. H. 1981. Daily energy expenditure and the 
of activity in a free-living mammal. Oecologia (Berlin) 
253-259. 

--. 1983. Wintertime energy conservation by 
in antelope ground squirrels (Ammospermophi/us 
Journal of Mammalogy 64:341-345. 

Kendeigh, S.C., V. R. Dolnik, and V. M. Gavrilov. I 
Avian energetics. Pages 127-204 in J. Pinowski and 
Kendeigh, editors. Granivorous birds in ecosystems. 
bridge University Press, Cambridge, England. 

King, J. R. 1974. Seasonal allocation of time and 
resources in birds. Pages 4-70 in R. A. Paynter, 
Avian energetics. Nuttall Ornithological Oub, ••-- .. --~'-"'"' 
University, Cambridge, Massachusetts, USA. 

Kleiber, M. 1975. Revised edition. The fire of life: an 
traduction to animal energetics. Krieger, Huntington, 
York, USA. 

Lasiewski, R. C., and W. R. Dawson. 1967. A re-j~xalln-.>.""'· 
nation of the relation between standard metabolic rate 
body weight in birds. Condor 69: 13-23. 

Lifson, N., and R. McOintock. 1966. Theory of use of 
turnover rates of body water for measuring energy and 
terial balance. Journal of Theoretical Biology 12:46-74. 

MacMillen, R. E., and J. E. Nelson. 1969. Bioenergetics and :.· 
body size in dasyurid marsupials. American Journal · ''· 
Physiology 217:1246-1251. 

McNab, B. K. 1974. The energetics of endotherms. 0 · 
Journal of Science 74:370-380. 

--. 1978a. Energetics of arboreal folivores: physiolog~ ;·.' 
ical problems and ecological consequences of feeding on an'·.'] 
ubiquitous food supply. Pages 153-162 in G. G. Montgom~ · 
ery, editor. The ecology of arboreal folivores. Smithsoniari · ' 
Institution Press, Washington, D.C., USA. 

. --. 1978b. The comparative energetics of ",.'"trnn''"' 
marsupials. Journal of Comparative Physiology 1258: I 
128. 



1987 ENERGY METABOLISM ALLOMETRY 127 

---. 1979. Oimatic adaptation in the energetics ofhet
eromyid rodents. Comparative Biochemistry and Physi
ology 62A:813-820. 

... --. 1980. Food habits, energetics, and the population 
biology of mammals. American Naturalist 116:106-124. $-VVr · · . 1986. The influence of food habits on the energetics 
ofeutherian mammals. Ecological Monographs 56:1-19. 

McNeill, S., and J. H. Lawton. 1970. Annual production 
and respiration in animal populations. Nature 225:4 72-
474. 

Morrison, P., and W. Grodzinski. 1975. Morrison respi
rometer and determination of ADMR. Pages 30~309 in 
W. Grodzinski, R. Z. Klekowski, and A. Duncan, editors. 
Methods for ecological bioenergetics. Blackwell Scientific, 
Oxford. England. 

Mullen, R. K. 19 7 I a. Energy metabolism of Peromyscus 
crinitus in its natural environment. Journal ofMammalogy 
52:633-635. 

--. 1971 b. Energy metabolism and body water turnover 
rates of two species of free-living kangaroo rats, Dipodomys 
merriami and Dipodomys microps. Comparative Biochem
istry and Physiology 39A:379-390. 

Mullen, R. K., and R. M. Chew. I 973. Estimating the energy 
·.·~.·-metabolism ?f free-li~ng. Perognathus formosus: a com

n of direct and mdirect methods. Ecology 54:633-
. 

agy, K. A. 1975. Water and energy budgets of free-living 
animals: measurement using isotopically labelled water. 

.j.j'; Pages 227-245 in N. F. Hadley, editor. Environmental 
physiology of desert organisms. Dowden, Hutchinson and 
Ross, Stroudsburg, Pennsylvania, USA. 

--. 1980. C02 production in animals: analysis of po
tential errors in the doubly labeled water method. American t.c Journal of Physiology 238:R466-R473. 

<---. 1982. Energy requirements of free-living iguanid 
lizards. Pages 49-59 in G. M. Burghardt and A. S. Rand, 

~~j.~tors. I~ of the world: their behavior, ecology, and 
~,. conservation. Noyes, Park Ridge, New Jersey, USA. 

Nagy, K. A., and R. W. Martin. 1985. Field metabolic rate, 
! . water flux, food consumption and time budgets of koalas, 

. ':·.:: Phascolarctos cinereus (Marsupialia:Phascolarctidae) in 
;,_;:: Victoria. Australian Journal of Zoology 33:65~65. 
::Nagy, K. A., and K. Milton. 1979. Energy metabolism and 
· food consumption by wild howler monkeys (Alouatta pal

liata). Ecology 60:475-480. 
Nagy, K. A., and G. G. Montgomery. 1980. Field metabolic 

rate, water flux, and food consumption in three-toed sloths 
(Bradypus variegatus). Journal ofMammalogy61:465-472. 

Nagy, K. A., R. S. Seymour, A. K. Lee, and R. Braithwaite. 
1978. Energy and water budgets in free-living Antechinus 
stuartii (Marsupialia:Dasyuridae). Journal of Mammalogy 
59:6~8. 

Nagy, K. A., W. R. Siegfried and R. P. Wilson. 1984. Energy 
;' utilization by free-ranging jackass penguins, Spheniscus de
. mersus. Ecology 65:1648-1655. 
Nagy, K. A., and G. C. Suckling. 1985. Field energetics and 

water balance of sugar gliders, Petaurus breviceps (Marsu
pialia:Petauridae). Australian Journal of Zoology 33:683-
691. 

Obst, B.S., K. A. Nagy, and R. E. Ricklefs. 1987. Energy 
utilization by Wilson's Storm-Petrel (Oceanites oceanicus). 
Physiological Zoology, in press. 

Parra, R. 1978. Comparison of foregut and hindgut fer
mentation in herbivores. Pages 205-229 in G. G. Mont
gomery, editor. The ecology of arboreal folivores. Smith
sonian Institution Press, Washington, D.C., USA. 

Paynter, R. A. 1974. Avian energetics. Nuttall Ornitholog
ical Oub, Harvard University, Cambridge, Massachusetts, 
USA. 

Peters, R. H. 1983. The ecological implications ofbody size. 
Cambridge University Press, Cambridge, England. 

Peterson, R. M., Jr., G. 0. Batzli, and E. M. Banks. 1976. 
Activity and energetics of the brown lemming in its natural 
habitat. Arctic and Alpine Research 8(2): 131-138. 

Randolph, J. C. 1980. Daily energy metabolism of two ro
dents (Peromyscus /eucopus and Tamias striatus) in their 
natural environment. Physiological Zoology 53:7~1. 

Ricklefs, R. E., and J. B. Williams. 1984. Daily energy ex
penditure and water-turnover rate of adult European Star
lings (Sturnus vulgaris) during the nesting cycle. Auk 101: 
707-716. 

Robbins, C. T. 1983. Wildlife feeding and nutrition. Aca
demic Press. New York. New York, USA. 

Schmidt-Nielsen, K. 1983. Animal physiology: adaptation 
and environment. Third edition. Cambridge University 
Press, Cambridge, England. 

--. 1984. Scaling: why is animal size so important? 
Cambridge University Press, New York, New York, USA. 

Schoeller, D. A., and E. Van Santen. 1982. Measurement 
of energy expenditure in humans by doubly labeled water 
method. Journal of Applied Physiology 53:955-959. 

Shoemaker. V. H., K. A. Nagy, and W. R. Costa. 1976. 
Energy utilization and temperature regulation by jackrab
bits(Lepus californicus) in the Mojave Desert. Physiological 
Zoology 49:364-375 . 

Smith, A. P., K. A. Nagy, M. R. Fleming, and B. Green. 1982. 
Energy requirements and water turnover in free-living 
Leadbeater's possums, Gymnobelideus leadbeateri (Mar
supialia:Petauridae). Australian Journal of Zoology 30:737-
749. 

Turner, F. B. 1970. The ecological efficiency of consumer 
populations. Ecology 51:741-742. 

Utter, J. M. 1971. Daily energy expenditures of free-living 
Purple Martins (Progne subis) and Mockingbirds (Mimus 
polyglottos), with a comparison of two northern populations 
of Mockingbirds. Dissertation. Rutgers University, New 
Brunswick, New Jersey, USA. 

Utter, J. M., and E. A. LeFebvre. 1973. Daily energy ex
penditure of Purple Martins (Progne subis) during the 
breeding season: estimates using 0 20 11 and time budget 
methods. Ecology 54:597-604. 

van Hoven, W., and E. A. Boomker. 1985. Digestion. Pages 
103-120 in R. J. Hudson and R. G. White, editors. Bio
energetics of wild herbivores. CRC Press, Boca Raton, Flor
ida, USA. 

Walsberg, G. E. 1980. Energy expenditure in free-living birds: 
patterns and diversity. J. R. King, convener. Symposium 
on Avian Energetics. Deutsche Ornithologen-Gesellschaft, 
Berlin, Germany. 

--. 1983. Avian ecological energetics. Pages 161-220 
in D. S. Farner, J. R. King, and K. C. Parkes, editors. Avian 
biology. Volume VII. Academic Press, New York, New 
York. USA. 

Weathers, W. W. 1979. Oimatic adaptation in avian stan
dard metabolic rate. Oecologia (Berlin) 42:81-89. 

--. 1980. Seasonal and geographic variation in avian 
standard metabolic rate. J. R. King, convener. Symposium 
on avian energetics. Deutsche Ornithologen-Gesellschaft, 
Berlin. Germany. 

Weathers. W. W., W. A. Buttemer, A. M. Hayworth, and K. 
A. Nagy. 1984. An evaluation of time-budget estimates 
of daily energy expenditure in birds. Auk 101:459-472. 

Weathers, W. W., and K. A. Nagy. 1980. Simultaneous 
doubly labeled water ('HH' 80) and time budget estimates 
of daily energy expenditure in Phainopepla nit ens. Auk 97: 
861-867. 

Westerterp, K. R., and D. M. Bryant. I 984. Energetics of 
free existence in swallows and martins (Hirundinidae) dur-



128 KENNETH A. NAGY Ecological Monosrapba 
Vol. 57, No.2 

ing breeding: a comparative study using doubly labeled 
water. Oecologia (Berlin) 62:376-381. 

Williams, J. B. 1985. Validation of the doubly labeled water 
technique for measuring energy metabolism in starlings and 
sparrows. Comparative Biochemistry and Physiology 80A: 
349-353. 

Williams, J. B., and K. A. Nagy. 1984a. Daily energy ex
penditure of Savannah Sparrows: comparison of time-en
ergy budget and doubly-labeled water estimates. Auk 101: 
221-229. 

Williams, J. B., and K. A. Nagy. 1984b. Validation of the 
doubly labeled water technique for measuring energy me
tabolism in Savannah Sparrows. Physiological Zoology 57: 
325-328. 

Williams, J. B., and K. A. Nagy. 1985. Daily energy expen. 
diture by female Savannah Sparrows feeding nestlings. Auk 
102:187-190. 

Zerbe, G. 0., P. G. Archer, N. Banchero, and A. J. Lechner. 
1982. On comparing regression lines with unequal slopes. 
American Journal of Physiology 242:R I 78-R 180. 

-:.· .. !<;· 


