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FIELD METABOLIC RATE AND FOOD REQUIREMENT
SCALING IN MAMMALS AND BIRDS'

‘ KenneTit A, NaGy
) Laboratary of Biomedical and Environmental Sciences, ard Department of Siology.
Univessity of California. Los Angeles, Cahifornia 90024 USA

Abstract,  Field metabotic rates (FMRs o 8, ), all measured using doubly labeled water,
of 23 species of cutherian mammals, 13 species of marsupial mammals, and 25 species of
birds were summarized and analyzed allometrically {l0g,o-10B o repressions). FMR is strong-
ly correlated with body mass in each of these groups. FMR scales difierently than docs
basal or standard metabolic rate in cutherians (FMR slope » 0.81) and marsupials (FMR
slope = 0,58), but not in birds (FMR slope = 0.64 overall, but .75 in passerines and 0.75
in a)l other birds). Medium-sized (240-550 g) cutherians, marsupials, and birds have similar
EMRs, and these are =17 times as high as FMRs of like.sized ectothermic veriebrates
such as iguanid lizards. For endothermic vertebrates, the energy cost of surviving in nature
is enormous compared with that for cciotherms. Within the cutherians, marsugials, or
birds. FMR scales differently for the following subgroups: rodenis, passerine birds, her-
bivorous eutherians, herbivorous marsupials, descrt cutherians, desert birds, and seabirds.
Equations are given for use in predicting daily and annual FMR and food requirement of
a species of tervestrial vertebrate, given its body mass.

Kev words:  allonetry: duily energy expenditure; desent; doubly labeled water; ecological energeties:
endaothermy cost; eneigy budgel: feeding rate; herbivory; passerine bird: rodens; zeabird.
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INTRODUGTION

gwm:l'hc transient assemblage of chemicals that makes
ii ‘an animal requires energy for construction, main-
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weghance, and operation. Knowledge of the energy bud-
gt of an animal can provide much insight into its

- physiology, ccology. and evolution (Bennettand Ruben

.,1979, Bartholomew 1982, Schmidi-Nielsen 1983), es-
" Pecially ifone knows the energetics of e animal while

" behaving normally in its natural habitat. Most of our
i knowledge of animal energetics comes from studies an

taptive wild animals and domestic unimals (Brody

1945, Paynter 1974, Kleiber 1975, Hudson and White

1985). It is difficult to apply metabolic rate data from
captive or domestic animals to (ree-living animals,
‘#hich are responding to variations in fuod supply, food
quality; predation, reproductive status, westher, and
otber circumstances that captive animals may not ex-
perienee, Field metabolic rate (FMR or Hy) is the total
eaergy cost a wild animal pays during the course of a
day. FMR includes the costs of basal melabolism
. (BMR3, thermoregulation, locomation, feeding. pretl-
- ®lor avoidance, alerincss, posture, digestion and food
detoxification, reproduction and growth, and other ex-
Penses that ultimately appear as heat, as well as any
Rvings resulting from hypothermia.
_Energy metabolism in the field can be measured rou-
linely by means of doubly labeled water. This method
volves measuring the washout mies of isotopes of

7 Masuserip: received 28 Apri! 1986; revised and accepted
Sepember 1986.
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hydrogen and oxygen injecied in the form of waler into
animals in the field. The hydrogen isotope measures
primarily water loss, while the oxygen isotope, which
is in cquilibrium with oxygen in water and in CO;,
measures pamarily the sum ofwater and CO; loss. The
diffcrence between izolope washgul rates represents CO,
Yoss alone, and is 3 measure of metabolic rate {Lifson
and McClintock 1966, Nagy 1975, 1980). A substantial
number of wild eutherian mammals, marsupial mam-
mals, and birds have now been studied with doubly
labeled waier, and it seems timety to do preliminary
calculations and comparisons of the allometric rela-
tionships between FMR and bady mass {or these ver-
tebrate classes. The data sets presently available need
more representation for several animal groups (e.g.,
large terrestrial birds, very small cutherian mammals
such as shrews, large ruminants, desert marsupials),
and [ hope this report will stimulate research on some
of these species. Although these shoricomings preclude
satisfaciory application of some of the physiological
purposcs of allometric analysis, such as understanding
the mechanistic basis of the slopes and intercepts
{Heusner 1982), the data can be used to evaluate eco.
Jogically relevant questions about sealing of ficld me.
tabolism,

This analysis is aimed al four goals. The first is 10
delermine whether FMR scales as does basal metab-
olism in endothermic veriebrates, This is imponant
because some models of ecological energetics have in.
corporated allometric equations for basal metabolism.
Sccond, how do the FMRs of endotherms compare
with those of ectothermic ventebrates in anture? Third,

D677

!

62 782

il

W




D e e e————

12 KENNETH A, NAGY

does FMR allometry reflect taxonomic, dietary, or hab-
ital subgroups, as does BMR allometry? The fourth
purpose is 10 present empirical models for FMR and
food requircment that may be used by ecologists, phys-
iologists, conservationists, ccosystem modelers, and
wildlife managers for predicting food and encrgy de-
mands of wild tersestnial vertebrates from knowledpe
of their body masses, diets, and habitats,

MeTioos

In this paper, the tesm “Actd metabolic rate™ (FMR)
is used 10 describe estimates ol energy metabolism based
only on doubly labcled water (DLW) measurements of
CO; production in free-living animals, This was done
10 distinguish DLW measurements from other pub-
lished estimates of ficld metabolism, such as "average
daily metabolic rate™ {(ADMR), which are long-term
continuous measuremients of oxygen consumption in
caplive animals (Momson and Grodzinski 1975),"daily
energy budget” (DEB), which are based on measure-
ments of existence metabolism (EM, the rate of meta-
bolizable energy inake in caged animals maintaining
constant body mass outdonrs) plus estimiates of the
additional mewbolic costs of free tiving, reproduction,
ete. (Kendeigh ¢t al. 1977), and “daily energy expen-
diture" (DEE), which involves field measurements of
lime-aclivity budgets and laboratery measurements of
the energetic costs of various activities (King 1974,
Walsberg 1980, 1983), Recent studiesindicate that some
DEB and DEE cstimates of energy mctabolism may
differ from DLW measurements by up to =50% in
birds (Weathers et al, 1984, Williams and Nagy 1984a)
and mammals {Nagy and Milon 1979, Nagy and
Maontgomery 1980).

The accuracy of DLW measurements of energy me-
tabolism has been examined in captive aonimals by
comparing simultancous DLW measurements and CO,
production measurcment (gas chromatograph or in-
frared analyzer) or metabalizable encrgy intake mea-

surements. In earlier siudics on six species ol mammals

and one bird species, the agreement between methods
was within 4% on average (summarized by Nagy 1980).
Mare recent studies indicate similar agreement in hu.
mans{Schoeller and Yan Sauten 1982) and birds (Hails
1979, Weathers =t 2l. 1984, Williams and Nagy 1984b,
Goldsicin and Nagy 1985. Williams 1985), Whea dif-
ferences are smaller than 5%, it is difficult to deterntine
whether the ervors are in the DLW mcthod 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 lo 8% or better. In this analysis,
1 used DLW cesults 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-

curements were made in a varicty of habitats ang¥
croclimates, atdifferent seasons, and in animals havite
different diets, behavior patterns, and ages. Becauseg
the dificulties of reczpluring birds (which seemto leg
how to avoid being capiured more quickly than oy
verichrates)during nonbreeding seasons, when theyang
not competled 10 return repeatedly 10 their nests, mog
of the FMR measurements available are for breedige
birds (sce Season column in Table 1), T excluded @’3
the FMR data for animals that were probably not'egs”
dothermic during DLW measurements, such as )
wintering desen rodents (Mullen 1971a, b, Mullen
Chew 1973) and nestling altricial birds (Fiala' &
Congdon 1983, Gettinger et al. 1985, Williams 35X:
Nagy 1985). Cohorts within species, such as 4
females, and juveniles, may occupy different ecologiy”
niches, and individual animals may have different m‘,!a:i
abolic rates at various times of the year. Whmir'sy
statistically significont differences in FMR were found,
between groups within species, | used group men
rather than a mean for the entirc species, Thus, &
data and the regressions derived from them rcﬂea:"ﬁﬁ
much as possible, the natural variation in the daily o’ -
of living in the field. This approach should make the”
results more ecologically meaningful. (Recalculating e,
regressions in Fig. | using species means alonere 2 ]
no significant differences (rom cohort rcaxession;_’.‘ :
Allometric analyses were done by regressing loggt:
transformations of mean FMR values (the ds Ty
variable) upon log,o transformations of the correspa
ing mean body mass values (the independent vari
using the least-squares method (Dixon and
1969). Results of the regression analyses arc repotted !
as follows: the equation (or the regression line bas the?
form .

logy=loga+ blogx,
where log y is log,cFMR (measured in kilojoules pers.

day), log @ is the intercept of the line and a is e
untzansformed value of EMR (in kilojoules per daj}s
for a 1-g animal, b is the slope of the line, and log x'g‘j
log,.body mass {measured in grams). The following
statistics are iven in Table 2 for each regression eqoR-.
tion: standand ervor of intercept (SE..,.), confidence in-
rerval of intercept (5% o1.,), standard error of slope
(sE.), confidence interval of slope (95% c1,), numberof
data points (iV), cocllicient of determination (P}, prob-
ability value (P) for significance of regression {{rom F
statistic), mean value of tog,ex (fog X), mean value of
log,a (108 »), and the cquation for calculaling the 95%
confidence interval (95% Ciny,) Of @ predicted log y
value (P log ») a1 any givea log x value (Dunn ard
Clark 1974). v
These analyses were done on the data sets for dll
cotherian mimmatls, all marsupial mammals, and all
birds. The n:sulting slopes were tested for significant

differences (P < .05) from the slopes for basal wels-

bolic rate (Beun) for these groups using the equatior
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Figure
Mass FMR i num- Refer-
Species &) {kJ7) Cohort® Hahitait  Seasont  Dietd  berf  encel
Eutherian mammals

Mus muscuius® 13.0 9.3 A SS Au, W o] | 1
Afacrotus californious 126 22 A p Sp 1 3 2
1.3 0.8 A D W 1 k] p4

Clethrionontys nutiluss 13.6 39.0 A T w H 4 k]
183 528 A T Sp H S k)

159 60,2 A T Su H 6 3

16.1 58.5 A T Au H 7 k)

Peromyscus criniluse 134 39.3 A D w o] 8 q
Perognothus formosus® 1.3 284 A D Sv G 9 3
168 44,7 A D Au G 10 s

18.0 $3.0 A D w G 1 $

204 5.8 A D Sp G 12 5

Peromyscus leucopus® 19.4 36.6 A DF An o) 13 (3
Divadomys merricrmp 320 313 A D Su G 14 7
30 529 A D Al G 13 7

Jo.l 63.6 A D w G 16 ?

Pseudomys atbocincreusw 326 62.2 A SS AU, W o 1?7 1
Acomys cahirinus# 38.3 $1.8 A D Sp o 18 ]
Acomys russatumm 45.0 47.6 A D Sp o 19 8
Sekertamys caluruse 412 140 A D Sp Q o) 8
Lemmus trimucronaluse 55.2 201 A T B H a 9
Dipodomys mictops® 547 4.5 A D Au Q 2 7
60.3 102 A D w o 3 7

384 13 A D Sp (o] M 1

o 550 85 A D Su o 7
T umaspermophilus feucurus® 90.0 114 A D Sp 0 2 10
N 9.9 793 A D Su o 272
82.) 79.6 A D F 0 28 10
96.1 7.0 A D W Q 29 10

Arvicola terresirise 819 149 A ™ Sp H 30 1
. 89.7 837 M ™ Su H kY 11
Tamlas strigtus® 96.3 143 A DF Au O 32 6
Thonomys boliack 99.4 12? A G Su H n 12
108 128 A cs w q 34 12
104 136 A cs Sp H 35 12

Legns californicus 1800 1416 A D Sp H 36 1§]
. 1800 1175 A D w H 37 13
Alovatia paitiata 3200 1o )| TF D H b} L]
i 6230 2304 F TF D H 39 14
8418 2861 M TF D H 40 14
Arctocephalut gazella 37000 29 108 F M B C 41 15
Caliorhinus ursinus S1 100 43 200 F M B [ o4 42 15
SV 100 28 992 F M B C 43 15
Odocotleus hemionus 39978 23375 F ™ Sp H a4 16
67 100 40 000 M T™ Sp H a3 16
Zalophus californicus 84 000 38445 F M B C % 15

Marsupial mammals

Sminthopsis crassicoudatu® 6.1 29.1 J ™ Sp 1 ] 17
16.6 68.8 A ™ Sp 1 R4 17
Ansechinus siuarti®® 194 48,7 F EF W 1 3 18
10.¢ 716 F EF w 1 L) 18
29 750 M EF w t b ] 18
Antechinug swainsonii®® 26.3 66.2 IF EF Sp 1 6 19
2 92.1 M EF Sp 1 7 19
474 126 F EF Sp { 3 19
54.2 1l F EF B 1 9 19
$2.5 124 F EF ] ! 10 19
02 17 M EF B | " 19

- Peteung brevieeps 1 153 F EF W o 11 2
13 192 M EF w (o] 13 0

held L
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ENERGY METABOLISM ALLOMETRY

ek 1. Summary of hcld metabolic rates (FMR), measured with dowbly labeled water, in free-living mammals and birds,
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Tamz }, Continued.

e —

Mass FMR
Species ®) xJ/d) Cohont® Habil Seasent  Dial
Gymnobelideus leadbeateri 17 29 F EF Sp 0
133 232 M EF Sp o
Pseudocheirut peregrins 278 219 J EF Sp H
nq 556 A EF Sp H
Petaurcides volans 934 690 F EF w H
1042 470 M EF w H
Setonix drachyurus 1507 486 J N\ Su ) |
2472 662 A ss Su H
loodon obesulus 1232 690 A EF Au o]
Macropus eugenit 4555 1229 A S8 Su H
Thylogole billardieri 5445 1489 A EF Sp H
Phascolorcios cinereus 7800 2050 F EF W H
10 800 2030 M EF w H
Maocropus giganteus 27 000 5611 F EF Sp H
61 900 1734 M EF Sp H
Birds
Calypte anna 4.5 26.7 A S Su N
Zosteraps laterolistt 9.1 353 A EF Au F
9.7 39.2 A EF Sp F
7.6 50.7 A EF Sp F
Hirundo (ahitieatt i4l 16.6 A TF B 1
Ripariu ripariatt 14.3 81.7 A ™ B 1
Passerculus sendwichensistt 19.1 30.3 M SM B (o)
17.0 677 F M B o)
Delichon urbicatt 20.1 7.1 A ™ Su ]
20.3 71.2 M ™ B |
20.3 9.0 F ™ 1] 1
13.9 74.2 F ™ B L
189 79.8 M ™ 1] 1
18.2 94,4 A ™ B 1
12.8 7.5 M ™ B {
17.8 84.1 g ™ B I
193 9.6 M ™ B 1
18.7 80.7 F ™ 8 |
Hirundo rusticatt 204 104 ¥ ™ B 1
Phainopepla nirensit 2.2 ma A D Sp (s}
Merops viridis 18 74.4 A TF B 1
Mimus polyglottostt 47.6 123 M OF B o)
Progne subistt 417 183 F DF B 1
0.3 143 M DF B H
Oceunites oceanus 423 81 A M B C
422 157 A M B c
Sturnus wiigeristt 850 21 F DF B (s
78.7 A6 F DF B Q
74.1 27 F DF A o]
769 73 M DF 1] 0
Callipepla gambelif 145 90.3 A D Su o
Sierns fuscata 11 141 A M B o
184 340 A M B C
Ammoperdix heyi 156 122 LA D Su 0
206 150 A D Sp (o]
09 122 A D Au (o]
Anous stolidus 195 352 A M B c
Rissa tridactyla k113 913 A M ) c
Alectoris chukar px3} 220 LA D Su Q
432 259 A ) Sp o]
419 302 A D Au o]
Pugfinus pacificus 3a4 614 A M 8 c
Diomedea immusabilis 3069 1447 A M B [of
1064 2137 A M B (o
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&wj az 1. Continued,
_————ﬂ_-———-—_‘M_.___M——"-—-—”———“
Figure
) Mass FMR aum- Reler-
Species @ (x1/d) Cohort* Habitat  Scasont Diad  ber]  enced
Spheniscus demersus 3170 1945 A M B < 45 48
Mocronectes giganieus 3583 4149 F M B C 45 49
43505 4137 M M B C 47 49
Pygoscelis adelice 3868 4002 A M B C 48 s0
Diomedea exulans 7360 2632 F M B C 49 $)
9440 9n M M n C 50 |

» Cohort A = adult, F = female, M = male, J = juvenile.

t Habizat: SS » semiarid scrub, D = desert, T = 1iga or tundra, DF = deciduous forest, TM = iemperate meadow, CS =
chaparral scrub, TF = iropical forest, M w inarine, EF = cucalyp forest. SM = salt marsh,

4 Scason: Sp = spring, Su = summicr, AU = auturn, W = winter, B = breeding. D = dry.

§ Diex O » omnivere, H = hetbivore, 1 = inscctivore, G = granivore, N = necuarivore, F = frugivore, C = camivore

{pritnarily fish-caters),
| Figure number corresponds 1o those in Fig. 1.

1 References: 1. ¥ Nagy and K. Mormis, personal obsenation, 2. Bell e1 al. 1986, 3. Halleman et al. 1982, 4. Mullen 1971a,
S, Mullen and Chew 1973, 6. Randelph 1980, 7. Mullea 19718, 8. Degen et al. 1986, 9, Perersoa et al, 1976, 10. Karasov
1981, 1983, 11. Grenot e1 a), 1984, 12, Getinger 1984, 13, Shoemaker ed al, 1976, 14. Nagy £nd Milton 1979, 15. Costa et

al 1988, 16. X Nagy and N, Jacobsen. personu! observation,

17. K. Nagy, A, K. Lee, R. Manin, and M. Fleming. personat

obsernuiion, 18. Nagy et a), 1978, 19, A. K. Lee and K. Nagy, prrsonal obsenation, 20. Nagy and Suckling 1933, 21. Smith
etal. 1962, 22. K. Nagy, R. Manin, and A. K, Lee, personal obsenation, 23, W, Foley and K. Nagy, personal obsenvation,
24, K. Nagy, A, Bradley, and K. Morris, personcl obsenanon, 25, K. Nagy. B. Clay, and S, D. Bradshaw, personal observation,
26, K. Nagy and G, Sanson, personal observation, 27, Nagy and Martin 1985, 28. D, Powers and K. Nagy, personal obsenction,
29, 1. Rooke, S. D. Bradshaw, and K. Nogy, personal obternvatian, 30, Bryant et al. 1984, 31, Westerterp and Dryant 19843,

32, Wiltiams and Nagy 19844, 33. Williams and Nagy §985.

34, Bnant and Westerierp 1980, 35. Hails and Bryant 1979,

36. Weathers and Nagy 1980, 37, Untee 1971, 38, Utier and LeFebvre 1973, 39, Obst ¢l al. 1987, 40, Ricklefs and Williams
1984, 41, Goldstcin and Nagy 1985, 42, Flint and Nagy 1984, 43, Kam et al. 1987, 44, Elis 1984, 45. Gabriclsen cl al, 1987,
46. Elljs ¢1 al. 1983, 47. H. Ellis, K. Nagy, T. Pettit, and G. C. Whittow, personal obsenation, 48, Nagy et al. 1984, 49. B.
Obnt and K. Nagy, personal obsenvtion, 56, K. Nagy and B. Obsi, personal obsenation, 31, Adams et al, 1982,

# Rodenl
* Desyurid marsupial.
: H Passerine bird,

= (b = b,.a)SE,, where ¢ is the Student's ¢ statistic
(Afifi and Azen 1979), Analysis of covariance (AN-
COVA, Dixon and Massey 1969) was then used 10 test
for differences among the three regressions. Firsy, the
Sopen were examined, and if the slopes did not differ
signjfcantly betwen regressions, the common slope
was cilculated, and the adjusted regressions were then
tested for differenres between inlercepts. Subsegquently,
subgroups within the data sets for eutherians, marsu-
pials, and birds were also compared using ANCOVA,
Regression statistivs shown are those decived from least.
quares analyses, vnless ANCOVA indicated that slopes
did not diifer. In those cases, the siatistics shown are
those derived via ANCOVA on thic basis of the com.
™on sope.

Feeding rates required 10 provide meiabolizable en-
gy 1o animals 15 fast as they were oxidizing it {(as
Weasured by DLW) werc calculated from information
wbout dier energy content and assimilability. Details
re given in the saction on food requirements below.

RESULTS AND Discussion
Eutherians, marsupials, and birds
Like BMR, FMR is strongly correlaled with body

- 3% i eutheriar. mammals (Fig. 1A), The regression

Fution for eutherians is:

log ¥ = 0.525 + 0.813 log x. 4}

with ## = 0.967. However, the stope of the FMR regres-
sion, 0.813, is sipnificantly higher (P < .0235) than Klei-
ber's (1975) BMR slope of 0.75 and much higher (P -«
.005) than the BMR slope of 0.696 recently reporied
by Hayssen and Lacy (1985). Thus, FMR in the cu-
therians studied to date is nol a constant multiple of
BMR. Mosi of the lasge cutherians are marine mam-
mals, which are known 10 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. 1A) fall in the middle of the marine mammals, It
would be useful to know il deer are representative of
large ruminanis in gencral. Also, no FMR measure-
menis have yet been made on shrews or ather very
aclive, very small emhcerians,

Marsupial mammals also have FMRs that correlate
strongly with body mass {Fig. 1 B). The regression equa-
tion for marsupials is:

lug y = 1.072 + 0,576 log x. Q)

with /* = 0.970. For marsupials. the FMR slope is
significantly lower (P < .001) than the BMR slopes of
0.737 rcponied by Dawsen and Hulben (1970} and
0.737 reported by Hayssen and Lacy (1985). The ratio
of FMR 10 BMR deereases with increasing body mass

-
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Tasiz 2. Regression statistics for allometry of field metabolic ratss (kJ/d) and fecding (dry maner ingestios) mtes K2

tervestrial veriebrates, _‘
—— — e RN
Units 9% a 9% 5’-‘ .
Group of y log a (Sfuy *) ofloga b {sz) ol & N F F
futherian mammals A
All cutherians WJ/d 0.525 (0.057) 0410 0813(0023) 0767 46 0967 <.001 ¢
0.640 0.859
vd ~0.6290.065)  -0.760  0822(0026) 0769 36 0958  <op) M
-0.497 0.374 )
Rodents xird 1.022 (0.141) 0.734  0.507(0.087) 0330 33 0524 <.00] :
1.310 0.684 TS
P ~0.207 {0.194) -0.602 0564(0.119) 0322 33 042! <.001 }e
0.189 0.207 =
Other than x/d 0.235 (0.153) —00%7  0885(0039) 0800 13 0979 <01 S
rodents 0.575 097 G-
Herbiveres ki/d 0.774 (0.109) 0.541  0.J27(0039) 0644 17 0959 <001
1.007 0.805 .3
gd ~0.239 (0.109) —0472 077(0039) 0645 17 0960 <001
-0.008 0.809 e
Qther than wWrd 0,412 (0.058) 0292  0862(0026) 0809 29 0OST? <.001 rir
herbivores 0.532 091S 3
Desert wiid 0.507 (0.053} 0382  0786(0.02) 0231 23 09683 <001 3~
cutherians 0.633 0.841 in
g/d -0.825(0.501) ~1035  0874(0.056) 0357 13 0920 <.00% -
~0.615 0.592 . 3.
Other than xid 0.663 {0.072) 0493  0.786(0023) 0231 23 09683 <0012,
desert specica 0.833 . 0.84) ‘5*
Maruspia) mammals g}l_{
Al marsupials ki/d 1.072 (0.054) 0.9% 0.576 (0.020) gg:li; 28 0.970 <.00] ==
L1 X .
a/d -0.308 (0.046) -0403  0673(0017) 0638 28 0924 <014t
-0.212 0.708 ':3
Herbivores K/d 0.804 (0.123) 0507  0644(00M) 0562 12 0936 <D0l
1.101 0.725% L0
g/d -0.321 (0.181) -0.724  0.676(0.050)  0.564 12 0948 <S01VE
0.081 0.783 e > EE
Other than xJrd 0.978 (0.063) 0.825  0644(0034) 0362 16 0936 <001 "~
hechivares LI 0.725 |
Dirds -
All birds Xt 1.037 (0.064) ?.?22 0.640 (0.030) g.ggg 0 0.507 <008
g/d ~0.188 {0.060} 0310  0.631(0.028) 0595 30 0919 <.001 5.
-0.067 0.707 o
Passerines %378 0.949 (0.059) 0.809  0J49(0.037) 04663 26 0899 <001
1.088 0.835 -
g/d ~0.400(0,075) ~0.554  0850(0.0S3) 0741 36 0913 <,001
. ~0,247 0.960
Other than kJid 0.681 (0.102) 0442  0249(0.037) 0663 24 O0B99 <001
passerines 0.920 0.3)5
gd -0,521 (0,130 ~0.794  0.751{0.048) 0652 24 DS <001
~0.248 0.850
Desert binds K/ 0.703 {0.067) 0.568  0.660(0.021) 0617 3 0953 <001
0.838 0.703
g/ 0.045 (0.238) -0.836  0345(0.103) 0192 8 0758 <M
0,627 0.698
Other than krd 1.052(0.046) 0960  0.660(0.021) 0617 42 0933 «<,001
desert species 1,148 0.703
Seabinis kird 0.904 {0.187) 0.501 0704 (0061) 0572 15 0911 <.00}
1,307 0.336
g/d -0.)06 (0.187) -0709 03040051 0522 15 09N <001
0.098 0.836

by
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) June 1987
™22 Continued.
S 55% G of predicted 1og )°
g x fogy c d ¢
219 2311 0371 L022 001
2.196 1.476 0425 1022 0015
1.598 1831 0OM6 1030 031
1.598 0695 0434 1030 013
ans 3528 038 1077 0049
2.566 2639 0406 1059 004
2.566 1626 0405  1.DS9 0041
1.9%0 2119 0328 1038 0027
(1] 1834 1995 0031 00005
1.700 0662 0311 L0 0142
2692 2778 1995 0031 0.0005
L, 1494 2509 0231 1036 003
o’ M 1370 0099 1036 0031
3534 3019 2060 0012 0001
351 2066 0256  1.083  0.192
1714 2081 2060 001 0001
1983 230 0368 1020 0026
1933 1102 0347 1020 0026
1378 1.581 2,014 0.026 0.0014
1378 0772 0158  1.038 0480
2633 2.657 2.014 0.026 0.00014
60 1460  0.401 1042 0061
2266 2199 2014 0019 00005
2.266 1053 0215 1125 0348
1929 2326 2014 0018 0.0005
. 2958 2988 0399 1067  0.109
| P 2953 177 0399 1.067 0,109
_—

in marsupials, whereas in the cutherians studied thus
far, FMR/BMR increases with increasing body mass.
The FMR of » large (62 kg) male grey kangarco ismuch
lower than the FMR of a large (67 kg) male wnule decr
(compare point 45 in Fig. A with point 28 in Fig. I1B).

For birds, FMR is highly correlated with body mnss
as well (Fig. 1C). The regression equation for birds is:

log y = 1.037 + 0.640 log x, {3)

with /= 0.907. In birds thc FMR slope does not differ
{P > .20) from the BMR slope of 0.668 for all birds
{Lasicwski and Dowson 1967).

Judging by the differences in slopes, FMR scales dif-
ferently than dees BMR in mammals, but not in birds.
\What about the clevations 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 logether {Fig.
10) reveals that the lines cross each other, and do not
som into the hierarchy clearly evident with BMR, AN-
COVA applicd 1o all three groups indicates that the
slopes are not identical (Fy, yy = 25.4, P < 001),
Pairwise ANCOVA comparisons show that the slopes
for cutherians and marsupials differ (Fy, ™ 464, P <
001), the slopes for cutherians and birds differ
(Fo.o2 = 21.6, P < 001), but the slopes for marsuptals
and birds do not differ significantly (Fy.» = %69, P >
.10). However, the intercepts for marsupials and birds,
recalculated using the common slope of 0.611, are sig-
nificantly different (Fy, o = 7.42, P < [01), with birds
having a higher intercept than marsupials.

Zerbe et al, (1982) provide a statistical method (or
determining the range of x values over which two
regressions with unequal slopes arc 100 close 1o cach
other to differ significantly. This method indicates that
the regressions for cutherians and marsupials do not
differ betwezn body masses of 71 and 548 g, and eu-
iherians do not differ from birds between body masses
of 241 g and 9.44 kg. This suggests that the FMRs of
cutherinns, 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,
1odetermine whethera 250-gendothenmn isncutherian,
a marsupiat, or a bird from knowledge of its FMR
alone, Thus the FMRs of medium-sized eutherians do
pot fall into the pattern of morsupinl < eutherian <
bird that is predicied on the basis of BMR regressions.
Small cutherians have lower FMRs than small mar-
supials and birds, bus large cutherians have compar-
atively high FMRs.

Endotherms and ectotherms

The energy cost of living in natur for endotherms
is enormous compared 1o that of ectotherms such as
reptiles. The regression line for FMR in igusnid lizards,
logy= —0.650 + 0.799 log X, 1= 0,981 (Nagy 1982)
has & much Jower elevation than those of mammals
and birds (Fig. 1D), A 250-g mammal or bird typically
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Tariz 2. Continued.

Unita 5% a 9% a
Group ofy Log a (s, ) of l.oga LYC A ofb N
Other than xS 1,325 (0.081) L6t 0.440{0.049) 0.340 3s 0.709
scabirds 1.489 0.540
Tguanid lizards
All iguanids xJ/d -0.,650 (0,029) ~0.711 0.799 (0.023) 0.751 25 0.981
-0.589 0.847
Herbivores yd ~L.713(0.123) —7|..-IJ('.2Ml 0.541 (0.059) ?g;g 5 0585
Tnscctivores g/d - 1.890{0.037) -1.967 0.773(0.03%) 0.693 20 0.958
-1.812 0.853

* Equation for calculating tlie 95% a of a predicted log y value at any log X value is of the form:
95% Cyy, ™ log y = ¢fd + flog x = fog xPP0t.

spends =320 kJ of energy daily for oxidative metab-
olism. This is 17 times as much as the 19 kJ required
by a 250- iguanid lizard during 2 spring or summer
day. This difference results panly from a three- 10 six-
fold greater capacity of endotherm tissucs to process
energy at the cellular level, as reflecied in greater mi-
tochondrial densitics, relative membrane surface arcas,
enzyme activities, sodivm transport, and thyroid ac-
tivities (Bennett 1972, Elsc and Hulbert 1931, Hulbent
and Else 1981), However, most of the diflerence is due
1o metabalic responses to daily thermal regimes. As
ambient tempesature drops ot 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. Forexample, ot an ambient
temperature of 10°C, a typical 250-g endotherm hasa
resting metabolic rate that is 200 times thatofa 250.g
lizard (calculated using tbe allometric regression of
Hinds and MacMillen (1984] for mammals, and Ben-
nett and Dawson's [1976] rxgression for lizards a1 207,
assuming a @y of 3 between 10° and 207).

Rodents, dasyurids, passerines

The allomelry of BMR within some texonomic or-
ders of mammals differs from the BMR regressions for
the Class Mammalia or the BMR regressions for the
Iafraclasses Eutherin 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 1967) is well known,
Arc these differences also apparent in FMR allometry?

The data set for eutherians (Table 1) contains an
ndequale number of FMR measutements on animals
in the Onder Rodentia 1o yicld a statistically significamt
allomerric regression, and hence permit ANCOVA
comparisons of rodents with all other cutherians, The
allometric slope for sodents is significantly lower
(Fye3 = 15.3, P < .001) than that for other cutherians

e

e,

(Fig. 2A). The ANCOVA-generated regression liné o
rodents is: b

IS

log y = 1.022 + 0.507 log x,

with 7 = 0.524, The regression line for othereuth
is:

log y = 0.239 + 0.885 log x.
with 2 = 0.979. The FMR slope for rodents (0., e
docs not differ significanly (.10 > P > .05) from.1 i

siope for BMR in 1odents (0.669, Hayssen and T8
1985), but the contidence intervals for the FMR shapg

are relatively large (Table 2). Sixteen species ofrodizh® h

have been studied (Table 1), but all are relatively s 38
(<100 g); studics on larger rodents would be valis X

Eutherians in the Order Edentata are known 10 ﬁ.
lower BMRs than other cutherians (Hayssen and Lacy ol
1985). FMRs of iwo cdentates arc also much lowegs
than FMRs of other cutherians. Three-toed sb
(Bradypus variegatus, Nogy and Mouatgomery 1
have a mass-corrected FMR of 0.70 kJ-g=2413+y
which is only 21% of the miz of 3.35 kl-g=2+1-4~" g’
a typical cutherian (Eq. 1). Silky anteaters ( >
didactylus, K. A. Nagy and G, G. Montgomery, %
sonal obiservation) metabolize 1.27 kJ-g-asd.d-!, ;
38% of the expecied FMR.

Within the marsupials, species in the Family Dasp”
uridae do not show a diffierent allometric relationship
than do other marsupials (Fig. 2B). ANCOVA indi-
cates that no significant dilferences exist between sloped
(Fo.z0 = 2.34, P > .10) or intercepts (Fy, 3 = 298,P>
.05), Thus, the overall regression for marsupinls (Eq.
2 above) best describes the FMR allomelry of dasya~’
rids. BMRs of dasyurids (MacMillen and Nelson 1969)
also do not scale differently than BMRs of other mar-
supials {Dawson and Hulbert 1970). However, BMR
in the dasyurids listed in Table 1 accounts for only 13-

20% of FMR, with the remaining 80-87% aflotted % ;
£

activity, temperature regulation, and other cocrgy

|
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1\% . Continued.
N
95% c1 of predicicd log )*

- Togx oty ¢ d ¢
- 1.56% 2.014 0.297 1.029 0.11)
1.075 0.209 0.161 1.040 0.088

1.896 ~0.119 0.J58 1.200 0.278

-~ 0.870 ~1.217 0.151 1.050 0.279

oftiving in nature. Thus, it is surprising that the FMRs
of dasyurids, which are active predators, do not have
higher encrgy €osis of living than other marsupials,
which include omnivores and hiesbivores (Table 1).
Passerine birds, as a group. do have significanily
higher FMRs than other birds (Fig. 2C). The slopes do
not difler (F\. s = 0.296, P > .5) but the intercepts do
"(F\ a2 = 17,3, P < 001). The regression equation for
' passerine birds is:

log y = 0.945 + 0.749 log x. ()]
27 g3 0,899, The regression cquation for birds other
“ passerines is:

logy = 0.681 + 0,749 log x. €]

_ with $ = 0,899, The common slope for FMR of pas-
serines and nonpasserines (0.749) docs not differ sig-
nlficantly (P > .20) from the stopes for BMR of pas-
serines (0.724) and nonpasserines (0.723, Lasiewski
and Dawson 1967). This indicates that FMR may be
a relatively consiant multiple of BMR in birds, overa
larpe range of body mass. The ratios of predicted FMR
to predicted BMR for 8 250-8 bird are 2.49 for non-
passerines and 2.80 for passerines {BMR equations of
Lasicwski and Dawson 1967), and passcrine FMR is
2.50 times BMR measured during the active phase of
the daily cycle, but 3.16 imes BMR during the resting
phase of the daily cycle (BMR equations of Ascholl
and Pohl 1570). These ratios are clasc 1o the values of
2.6-2.8 times BMR estimated by Drent et al. {1978}

i .. asrepresemtative for breeding birds. (Most of the FMR

" measurements summarized in Table | were donc on
breeding birds.) Predicied FMR of a passerine bird is
35% Ligher than that of a nonpasserine bird. Caution
should be exercised when interpreting Eu. 7, because
mont of the nonpasserines included in this rzgession
{and all of the large nonpasserines) arc scabirds. No
terresirial bird larger than 500 g has yel been studied.
FMR measurements on eagles and vuliures {{or comi-

_ Farison with Giant Peisels and albatrosies) ar.d on os-

;L"
TV,
4

ches, emus nod rheas would be especidly imeresting.
Jinds other than passerines are very diverse, and they

»
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probably should not be grouped together in an ecologe
ical context.
Diet

BMR may refieet the kinds of food resources used
by different specics of endotherms (McNab 1974,
19784, 1580, Hoyssen and Lacy 1985). Low BMRs
may occur in smallinsectivorous, {rugivorous, and gra-
nivorous mammals,and in some groups ofherbivorous
mammals as well (McNab 1986), Are dictary patterns
reflected in FMRSs of endotherms? The preseat FMR
data sets are not complete enough 10 test for allomeiric
differences for many diet types, but cnough measure-
ments are available 1o examine cutherian and marsu-
pial herbivores, and 10 comment on euthenitn grani-
vores.

FMR scales differently in herbivorous cutherans than
in nonkerbivorous eutherians (Fig. JAL The allometric
slopz for herbivoresis significantly lower (Fy . = 9.39,
P < .005). The regression equation for hesbivorous
cuthesians is:

los y= 0.774 + 0.727 lcx X, (s)

with £ = 0.959. The equation for nonherbivotous eu-
therians Is:

tog y = 0.412 + 0.862 log x. 9

with ## = 0.977. Large herbivores tend to have some-
what lower FMRSs than large nonhesbivores, bul small
herbivores have somewhat higher FMRs than small,
nonhegbivorous cutherians,

1o marsupials, FMR also seales differeatly in her-
bivores than in nonherbivores (Fig. 3C). The allometric
slopes do not differ (F, 20 ™ 1.11, P > .25), but the
intercepts do (Fy, 3y = 5.69, P = .01). The regression
equation for herbivorous marsupials is:

log y = 0.804 + 0.644 log x. (10)

with /2 = 0.936. The equation for nonherbivorous mas-
supinls is:

log ¥ = 0.978 + 0.644 log x. Q1)

with & = 0.930. Herbivorous cutherians genenally have
higher FMRs than herbivorous marsupials. The slopes
of the wo regressions do not differ (Fy, 2y = 0.41, >
.50), but the intercepts do (Fre @ 14.2, P <.001)
Although seven data points for sced-cating cuthe-
rians are available, they span only a small 1ange of
body masses, and there i5 no significant 2Yfometric re.
Jationship among these paints (P > ,25), Ficld mewa-
bolic rates of granivorous eutherians fall among those
of similar-sized cutherians having other diets{Fig. 3B),
suggesting that no mojor difference exists in FMR.

Habitn

Climate and habitat type are known 10 affect the
8MR of mammals and birds (Hulben and Dawson
1974, McNab 19785, 1979, Weathers 1979, 1980,
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Dawson 1984), In panicular, desen-dwelling endo-  with = 0,963, The equation for nondesert eutherians

therms oRen have lower BMRS than predicied from it

:;‘ll‘oir;;:t(r;l;q;:;x;vs and seabirds iend 1o have high log y = 0.663 + 0,736 108 < (13)

Eutherians living in desert habitats have FMRsthat  with A = 0.963.

are 30% lower than nondesent eutherians (Fig. 4A). The Similarly, desert birds have EMRs that are less than

slopes of the regressions do not differ significantly  half those in nondescrt birds (Fig. 4B). The slopes of

(Fy.4y = 0,24, P > .50) but the intercepis, recaleulated  these regressions do not differ (Fi.u = 3.46,.10> P>

using the common slope, do differ (Fr, 0 = 181 P < .03} (although the difference is close 1o statistcal 5ig-

(Ol). The regression cquarion for desert cutherians is:  nificance), but the intercepts are significanuly differcat
(FLaw468,P < .001). The regression equation for

log y = 0.507 + 0.786 log X. (12) descrt birds is:
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Fio, 2. Allometry of FMR among taxonomic subgroups: (A) rodents differ from other eutherians, (D) dasyurids de not
difer fignifcanty (ANCOVA) from other marsupials, but (C) passerine binds differ from other birds. The regression line for

rodents (A) was extended beyond the data to improve clanty.

log » = 0.703 + 0.660 log x. (14)
with 4 = 0,953. The equation for nondesert birds is:
log y = 1.052 + 0.660 log x, {15)

“{th 2 = 0953, The FMR regression for desert birds

?un significantly lower slope (Fy, 3 = 4.80, P = <.05)

5
#

than that for desert cutherians, but the two regression
lines cross at a body mass of =35 g. McNab (1986)
suggested that the low BMRs of small desert eutherians
msybea consequence of dict rather than habitat There
are too few FMR measurements preseatly availabie to
evaluate the relative importances of dict and habitat
correlates of FMR scaling in cutherians or birds, Ficld
nudies of incividual specics, especially a species that
bas a seasonlly changing diet, could test this hypoth-
a3 directly.

The allomitry of FMR in seabirds differs from that
ol norseabinds (Fig. 4C). Seabirds show a higher stope
(F\. = 12.6, P < .001), The negression equation for
3%abinks is:

log y = 0.904 + 0,704 log x, (16)
with 1 = 0.911. The equation for nonscabirds is:
log y ™ 1.325 + 0.440 log X, {17)

with 2 = 0.706. The FMR slope for scabirds (0.704)
oot differ significantly (P > .40) from the scabird
MR slope (0,721, Ellis $984).

Season
Some species of endotherms have FMRs that differ
from season to season, bul other species ape
g‘u‘“)' have relatively constant FMRs through time
‘b_k 1). For example, the pocket gopher Thomormys

boiae had 3 maximum, mass-corrected FMR {during
spring) that was only 8% higher than f1s minimum
FMR, which oceurred in winter {spring FMR = 12.9
kJ-g-°%"-d~", winter FMR = 11.9 kJ.g-9%'.d"!, cor-
sected for body mass differences on the basis of Eq. 4
for rodents). Similarly, the desent-dwelling pariridges
Ammioperdix heyi nnd Alectoris chukar, had maximum
FMRs only 16 and 19% higher than minimum FMRs,
respectively {(mass cormections based on Eq. 14 fordess
ert birds), while the desert jackrabbit Lepus californicus
had & 20% higher FMR in spring compared 1o winter
{mass-corrected using Eq. 12).On the other hand, max-
imum FMR (3pring) was 283% higher than the mini-
mum (summer) in the desent rodent Dipodomys mi-
crops and 105% higher in spring than in summer for
the desert rodent Perognathus formosus (mass correc-
tions based on Eq. 4), Seasona) varistion in FMR has
not been measured in enough species of endotherms
pt present to permit attometric analyses to be done by
scason. Scasonal changes in FMR have been measured
in only one species of marsupial (Antechinus swain-
sonif), where lactating females had 3 mean FMR 75%
greater than they did during the preceding maling pe-
riod. Seasonal DLW measurements have been donc on
only two specics of birds (Ammoperdix heyi and Alec-
toris chukar, Table 1). Birds present a problem in this
regard, because many species are readily captumble
only during the breeding scason. Asa result of this, the
FMR data and allometric regressions reported herein
for birds are biased strongly 1oward the breeding scason
(sce Table 1).

Food requirements

The rate of food consumption an animal mus achieve
10 provide the encrgy it uscs in oxidalive metabolism
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FMR among dietary subgroups: {A) herbivorous eutherians differ (rom nonhecbivorous eutbuhu;
do not differ from other euthcrians, and () herbiverous marsupials :

Fta. 3. Allometry of
(D) seed-cating cutherians
nonhesbivorous marsupials.

can be calculated by dividing its FMR, in units of
kilojoules per day, by the meiabolizable {uscable) en-
ergy in ils food, in units ol kilojoules per gram of food.
“Thus, the FMR data in Table | can be used 10 generate
regressions for steady-siate feeding rates that free-live
ing mammals and birds must achicve over any con-
siderable period of time.

Meinbolizable energy (ME) in a dict is the total (gross)
energy in a unit of food consumed minus the encrgy
lost as feces and urine resulting from that unit of food.
Meiabolizable encrgy efficiency (the satio ME/total en-
ergy. or the fraction of gross encrgy that is metzboliz-

have lower FMRs theas

able) is relatively constant among different species of
mammoals and birds that are either camivorous, insecd
tivorous or granivorous (Hume 1982, Peters 1983,
Robbins 1983). In herbivoraus mammals, metaboliz=’
able cnergy efficiency for cell wall components 1%
creases vith increasing body mass, because food fers.
ments for longer periods in larger herbivores Pany
1978, van Hoven and Boomker 1985). However, smaif -~
herbivores gencrally sclect younger and more tender.
vegetation that contains relatively low amounts of 2l
wall materials, so actual metabolizable encrgy efficiens
cy tends 10 be independent of body mass (Parra 1978),
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Fio. 3. Allometry of FMR among habitat subgroups:
{B) desert birds have lower FMRs than nondescrt birds,

(A) descn eutherians have lower FMRS than nondesen cuthenany,
and {C) seabirds differ from nonseabirds.
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23, Summary of sllometric equations for Beld metabolic rates and feeding rates of free-living mammals, birds, sad

M“‘“ﬁwds. “The equations have the form y = ax* where y is FMR (in kJ/d) ot feeding {dry matter ingeation) rate {in g/d) and
x is body mass (in g
.—_—_-—_—_—_____—_—._—_—_—-_‘—._-__——_—-_——_.-——_—-
Uaits of Units of 95% ¢1 of predicied 7,
Group y a X & as % of predicied ) Equation
Eutherianh mammals
All cutherians k)/d 335 [ 0.813 -$8 t0 +138% 18
g/d 0.235 g 0.822 -63 10 +169% 19
Rodents kJ/d 10,5 1 0.507 -5210 +110% 20
p/d 0.621 s 0.564 -64 w0 +]76% 21
Herbivores xJ/d 5.95 [ 0.727 -6210 +161% 22
p/d 0.577 8 0.727 -6210 +161% 23
Descrt eutherians KJid 2 s 0.786 -5 10 +141% p2
p/d 0.150 1 0874 -5210 +108% 25
Marsupial mammals
All marsupials xj/d 11.8 B 0.576 -4210 +72% 26
g/d 0.492 g 0.673 ~3710 +39% ¥
Herhivores J/d 6.6 g 0.634 -40 10 +61% 28
g4 0.321 1 0.676 -46 10 +H4% 29
Birds
All binds kJid 10.9 [ 0.640 -5710 +115% 30
g/d 0.648 " 0.651 ~55 10 +124% 3
Patserines kJ/d 8.38 B 0.749 ~5310 +111% n
g 0.398 g 0.850 =31 to ~15% n
Desort birds wd 5.03 s 0.660 ~47 10 +91% M
g/d 1.1 '3 0.445 =39 10 +95% as
Scabirds kJid 8.0t t 0.704 —~53 10 +113% 36
¢/d 0.495 8 0.704 ~61 10 +159% kY
fguanid tizardst
"N ipnids ki/d 0.224 L 0.799 =32 to +46% 38
abivores g/d 0.019 B 0.841 -59 w0 +146% 39
. vores pd 0.013 3 0.773 -301t0 +43% 40
* Calculated 81 mean x for the negression {see text for details},
tlloc:lculau:d from Nagy (1982).
'34'-"'.'

L

By combining average values for metabolizable energy
¢Eciency for mammals and birds eating various diets
(Hume 1982, Peters 1983, Robbins 1983) with typical
gross energy contents of thosc diets (Goiley 1961, Rob.
bins 1983), § calculated the following mean metabo-
lizabie energy contents (in units of kilojoules of meta-
bolizable energy per gram of dry matier): insccts, 18,7
ki/g for mammals and 18.0 ki/g lor birds: fish, 18.7
kJ/g for mammals and 16.2 ki/g for birds (all cami-
vores listed in Table | cat primorily fish o marine
ioveriebrates); vegetation, 10.3 ki/g for mammals;
seeds, 18,4 kj/g for eutherians; and nectar, 20.6 ki/g
for hummingbirds. I estimated an intermediate value
of 14 XJ/g for omnivorous mammals and omnivorous
and frugivorous birds, Feeding rates were calculated
using these values and FMR values for cach cohort
listed In Table 1, and allometric relationships for field
food requirements of the various groups of mammals
and birds wers calculated via least-squares linear
Rgression of the log-transformed dota. In addition.
Wometric relsrionships for feeding rates of herbivos
Tous and ingectivorous igusnids were recalculated (as

¢, from data in Nagy 1982), Feeding raie regres-
Hoes and pssocialed statistics are shown in Tables 2

Predicting FMR and food requirement

The allometric equations describing BMR in ver-
tchrates 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-
siraints on body size or the interdcpendence of phys-
iological and morphological properties of animals, and
they establish the “standard,”™ against which unusual
species or grovps of animals may be compared to reveal
adapiations (Calder 1984, Schmidt-Niclsen 1984). The
allometric relationships for FMR and feeding ratc above
can serve similar applications, in regaid to the actual
performance of wild animals living in thtir nalural
habitats. The exponeniinl forms of these equations are
the easicst 1o use on a day-to-day basis, so these forms
are summanized in Table 3,

In many applications, it is imporant to have some
estimate of the variation cround a FMR or feeding rate
value predicted for a given body mass via these equa-
vions. 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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Fic, 5. Comparison of the saling of FMR (v, —)
and standzard metabolic raie (SMR, open circles, —), along
with the 95% confidence limits of the regressions {(~==) and
the 989 confidence limits of the predictions (=<« +). The dot-
ted lines apply 10 predictions of new y valuesat given x values.

the regression iself. In some earlier publications, this
measure has crroneously been used to estimate confi-
dence intervals of predicted valucs. The other is the
95% c1 of the prediction (dotted lines in Fig. 5), which
incorporates the additional uncertainty expected innew
data poins, and hence yields much wider confidence
intervals (Fig. 5). The 95% c1 of the prediction is the
approprisle measure of variation 10 use when predict-
ing new FMR or feeding rate values (Dunn and Clark
1974). The conhidence intervals ol the prediction ¢x-
pand toward the ends of the regression line (Fig. 3)
because of increasing uncertainty with increasing dis-
1nce from the mean log x value. For thic and other
reasons, it is risky to extrapolate these allometric cqua-
tions beyond their empirical limits. in order lo provide
an idea of the confidence in predicied FMR or feeding
rate values, | calculated the 95% for cach cquation
a1 mean log .x {(where 95% s arc smallest), ook the
antilog, and expressed the confidence limits as percents
of predicied y (Table 3) The upper confidence timit is
farther from predicted y than is the lower canfidence
limit afier antilog transformation. For most equations,
the Jower confidence limit is $0-60% below predicied
y, and the upper limit is between 100 and 170% greater
than predicted y.

The FI4R equations in Table 3 should yield pre-
dicted FMRs and 95% as that reflect the vanability
that actually occurs in the field, The data used to decive

(hese regressions include vasiation due to diffe R
in age. scason, habiwt, microclimate, behavior, SN

(Tatle 1). My intent was Lo gencrite the most generg], 1

widely applicable models of FMR possible with avagl:ss
able measurements. The cquations for birds are la{{-'..,
successful in this regard, because most measurementsts
for birds were made during the breeding season (when i~
birds, especially scabirds, can be captured and recap.®
tured reliably). obi
Predicied feeding rates are those required to
energetic steady-sute, and do not include the &
tional food energy allocated to produciion {increass
biomass). The exim metabolic heat produced due-SHk-
the added metabolic costs of growth and reproduction
are already incorporated to some extent, because many
of the FMR measurements in Table 1 were made g
growing or reproducing animals. However, the ch:ﬁ{:’i.
ical potentinl encrgy from the food that appearsasnew .
biomass is not accounted for in fecding rates estimated',
from FMR alone. Food consumption predicted from ¥

FMR, and calculated on 3 daily basis, should be cl 4

10 actual feeding rates in adult mammals for most ot
the year, because nonbreeding adults usually do nof
grow much, and are maintaining encrgy budgets na:g%

steady-state conditions. For animals thal become hy2?.

perphagic while undergoing prehibemation of prembie
gratory fastening, feeding rates predicied from RE:.

will be underestimates during the aitening period, %

they will be overestimates during the hibernation O%é..

20

migration periods, when fecding is reduced. Such pros"

dictions, if summed over the entire cycle of limcnig'g' .
and fasting, should be close to the actual, integmted:,

feeding rate over the entise period, provided that i i
animal ends up with a body mass and chemical com"-‘é‘
position close 10 those it had at the beginning of ihe-.
fauiening period. ]

1f anoun) food consumption by a population is pres
dicied from the equations in Table 3, food ingestion
will be underestimated by that amount of food aps"
pecring as new biomass {=production, the sum of re-
production and of growth of adults). This error should
be <5% because endotherms in gencral channel only
0.5-3% of the cnergy they ingest into production on
an annual basis (McNeill and Lawton 1970, Tumer
1970, Humphreys 1979). However, on a daily basis,
individua!l lactating female eutherians, or adult birds
feeding large nesilings, may consume much more food
energy than they themselves metabalize, so daily feed-
ing rates predicied from FMR can be much too low in
these situations.

Toillustrate the predictive capabilitics of these equa-
tions, assume we wish to estimate the daily and annual
costs of living, 35 well as the food requirements, of
spotied skunks (Spilogale putorius), lor an individua!
animal and on a population basis. Assume males weigh
900 g and females average 500 g. and there are three
pairs/ha of habitat. From Eq. 18, predicied FMR ofs
male is 845 kJ/d, and for the female, 324 k§/d. Annust

&
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.. would be 308 MJ/yr (845 kJ/d-365 dyr), for the
male, and 191 MI/yr for the female. Energy respired
by the population would be 1497 MJ-ha*t-yet [(3
308 MJ/yr) + (3-191 MJ/yr)). From Eq. 19, predicied
food {dry matter) requirements are 63 g/d for the male,
and 39 g/d for the female. Annual faod requirements
for maintenance would be 23 kg/yr for the male, 14
kg/yr for the female, and 111 kg-ha-'ye=! for the pop-
ulation. These estimates of annual food consumption
should be increased by 1-3% 1o account for the addi.
tional food chemicals appearing in biomass of weaned
offspring ond increased biomass of growing aduits,

A more accurate prediction of food requirements can
be made by incorporating measurements of dict and
metabolizable energy efficicncy specifically for Spiloga-
le putarius. For example, if one knows that the diet is
90% animal matter and 10% vegetation, and that the
dry matter in this diet conuwins 20.0 kJ/g, of which
16.0 kJ/g is mewbolizable, then feeding rates can be
alculated directly from predicied FMRs by dividing
FMR by 16.0 kJ/g. Fecding mics estimuted this way
(dry matzr) are 53 g/d for a male and 33 g/d for a
female, =15% lower than the feeding rates predicted
using Eq. 19 which assumes a morc catholic dies.

Conclusions

1} Ficld metabolic rates are clostly correlated with

7" body mass (#* values fof 108,5-108so regressions

S’ are 0,91 10 0.97) in cutherian mammals, mase
supia! mammals, and birds.

2) FMR scales differently from BMR in cuthcrians

! and marsupials, but not in birds.

3) FMRs of medium-sized (24010 550 g)cuthenans,

- marsupials, and birds arc similar, indicating that
the encrgetic cost of living for a day in the fietd
is about the same for medium-sized endotherms.

_ This cost is =17 times greater than that paid by

. a similar-sized ectotherm (diurnal lizand).

4 FMR scales differently among rodents (com-
pared with other eutherians), ameng passerine
birds (compared with other birds), and among
herbivorous eutherians and marsupials (com-
pared with nonherbivorous cutherians and mar-
supials, respectively), Desent eutherians and birds
have relatively low FMRs, and FMR scales dif-

. ferenuly in seabirds than in other birds,

5) Within different specics, seasonal changes in FMR
ay be small (less than 10% in pocket gophers)
or large (neasly four-fold in some kangaroo rats),

6} Equations arcgiven for predicting FMRs and food
tequirements of free-living mammals, birds, and
lizards,

Questions for future rescarch

1) Do large terrestrial cutherians 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 Jarge portion of the
world's species of small cutherinns, lypically have
FMRs as fow as that of Macrotus (Table 1)?

4) What are tbe ecological bases of the obszrvations
{a) that medium-sized cutherians, 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 {¢) that small
sutherians have much lower FMRs than do small
marsupials? Do these differences have physiolog-
ical explanations as well?

5} How do habiwt and diet effects on FMR interact
with each other, and what are their physiological
and behavioml bases?
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