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.-4bura~r. Field m~&ab.llic r.nc~ (FMRsor. H1 ), Dll measurrd using doubly labeled ~-;atcr. 

o~ .23 spe-cu:s or cut_heniln m:1mmals, 13 !pctl_cs of m:u1upi:~l mammals, and 2S species or 
b1rd5 were sum~anzed :m~ ana.l)'Ztt.l allomctncall)' (log10-1og,0 resrenions). FMR i5 mons-
1)· conc:l:ued wnh body m;us 1n c3ch or time voups. FMR sc:lles dilfc:n:nlly than does 

basal or s1:1ndard mecabolic rotc in euthcri:ms (FMR slope .. 0.81) and m:~rsupials (FMR 

slope • O.SS), but no& in bird$ (FMR slope • 0.64 o .. ·c:rnll, but 0.75 in pasStrines and 0 15 
in nil o&her birds). Mcdium·sizc:d (24Q..SSO s) cutheri:ms. mn~upiiils, and birds have simil~r 
FMfU, a.nd lhcsc arc: ::;; 17 time:~ :1s high :as FMRs of tike·sh:ed ectothermic: vc:ncbr:~tcs 

~uch iL5 i&Winid li~•uds. Fo~ endothermic \'CI1Cbr.lte5, ~hc.energy cost or surviving in n:uun: 

•~. enormous compa~d wnh thai for ec\othcrms. Wuhm the c:uthcrians, m~nupi:~.ls, or 

b!rds. FMR ~~es d1lfc:rc_ntly for the foll_owing subgroups: roden&s, p:anc:rine bird~. her
biVO~u~ euthe~.:ms. herbiVorous mi\rsup1als. dcscn c:utheriilns. dc:scn birds, and se:.birds. 
Equauom. ;are s• .. ·en ror usc in pn:diccing daily :~nd annu;:~l FMR and folld rcqui~mcnt of 
a species or tc:ncsuinl ,·enebrate. gi\'cn its body mass. 
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K~· ... ord.J: al/omt'lf'J': dlliiJ" ~nttn• r.xptn:fuurt: r!~u~:doubly lal:otltd ll'tJUr: tt:olog~cal ~nrrgmcs: 

tr.doshtrmy coli: ~nrtr; bwlstt: /tl'fiing raJr; httbm.lr)': pDJWint bird: rodtru; :cahird . 

'J l (NTRODUcnON 

tr~c u;unient OlSscmblage of chemiols tluu mnkc:s 
l.._...,~an anim:LI ~quires energy for construcdon, mnia
l~cc, :md oper.stion. Knowledge of the energy bud-
, ~t of an nnim:LI can provide much insight into its 

-: ph)'SioloJY, ecology. o.nd evolution (Dennen und Ruben 
)~19, Bartholomew 1982, Schmidt-Nielsen 19&3), es• 
. PccWly if one knows the cnc:rsetics ora:tc nnimal white 

•. behaving nonnall)· in its n:uurnl h3bim. Most of our 
: kn~~lcdze or animal enersetic:s comes from $tudies on 
. captive wild anim3ls and domestic: unimuls (Brody 

: l9,4~, Paynter t 974, Kleiber 1 97S, Hudson nnd White 
' 1!i8S), lt is difficult to npply mcubolic: r.ne dab from 

" Cl~tivc or domestic :mimnls to rree.living animotls, 
l 'Hh1~ are ~sponding to vllriations in food supply, food 

;; quaJuy; pred~uion. n:productivc status. wcuthcr. and 

,f. other d.Kumstances that captive nnim:~ls mily not U• 
& pcriena:, Field mell!bolic: rotc (FMR N H,) is the total 
~ CZ1ttJY cost a wild animal p:~}·s dulins the course of a 
'1.\· day. FMR includes the costs of bllsat mc:t;~bolism 
~- (BMk}, lhermoreaulation, locomotion. feeding. pred
~:. ~ l\'Oidance, OlJCttnC:SS1 posture, digestion nnd (ood 

:-:.: cktoxilic:nion, reprodutlion and growth, 01nd other c:x· 
!I" ~ thnt ultimately appear 35 heat. ;n well 3~ any 
.;. llV1np n:sultins from hypothermia. 
; . EllefiY mcUbclism in the: field can be me:uurcd rou-

~nely by mc;~n~ of doubly labeled \1.-:ltcr. This method 
•· •• \'otvcs mtMUrina lhe W:JShOUt 1'01\C$ or isotopes or 
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hydrogen and OT.Yaen injettcd in the ronn ofw.uer into 
animals in the field. The hydrogen isotope: measures 
primarily \Vater loss, while: the: oxygen i50topc:, which 
is in equilibrium with oxygen in w:uer and in co3. 
measures primtlrily the sum ofwaterand CO: loss. The 
diffcrtncc: be~n isotope: washout nues rcprcsc:n~ co~ 
lou alone, and is a m~;.tsurc of metabolic r.ne (Urson 

andMcOinuxk 1966,Nagy 197.S.l980).Asubstantin1 
number or wild c:utherian m"mmals, marsupial mnm· 
m:sls. 01nd birds have now been studied wiah doubly 
labeled w:~ler. and it seems timely to do preliminary 
e<~lculalions ;:~nd comp:ui~ons of the allometric rc:la· 
tionship~ between FMR and body mau for these vcr· 
tcbr.Jtc clnnes. The data sets presently available need 
more rcprc:scnt:Jiion for St:IICr.\1 :1.nilnal groups (e.g_, 
larac temstrinl birds, \'cry $milll cull\eri:m mamm3ls 
such :1s shrews, l:.rgc: rurninanlS, desert matSupials), 
and I hope I his report wiU stimulate research on some 
of these 'pc:cies. Although these shoncomings prc~:ludc 
s:ltbr;cctory npplie~lion of ~rne or the physiological 
purposes of allometric analysis, such as understanding 
the mcc:h;mistic basis or the slo~s :md inlc~cpts 

(Hcu5nc:r 198 2). I he dat:l ~n be used lo cv:~lu:nc ceo· 
logit:lll)' relevant questions nbcut sc:~Hns or ~etd me· 
tabolism • 

This. :~nal~sis is aimed at rour soals. The rtrst is to 
determine whether FMR scales as does b:~sal me~b· 
olism in endothermic \'Crtcbrates. This is important 
becau'c some: models of ecological encrsctio huvc in• 
corpornu:d 01llomeuic equations for b:~snl me~bolism. 
Second, how do the FMRs of cndo1hcrms compare 
with those ofcctothcnnic: vencbrntcs in nature? Third. 
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1l2 KENNETH 1\. NAGY 

does FMR allomcu-yn:llcct taxonomic:, dietary, orbab· 

i1;11 sub&Jou~. as docs BMR allomcu-y? The fourth 

purpose is to present cmpirie<~l models for FMR :md 

rood requirement that moy be u~d by ecologists. phys· 

iologjsts, conservationi~ts, ecosystem modelers, :1nd 

¥Jildlife man:.gcn for predicting food and energy de:· 

m:mds or wild tcncstri:.tl vcr11:br.ucs from knowledge 

of their body m:u$CS, diets, and habiuus. 

Msrruoos 
In this papcr,lhc tc1m "field mcl:lbolic rate" (FMR) 

is U5Cd 10 describe atim:ues ofener~y n1c:tabotism b:lsed 

only on doubly labclc,, Wiltcr{DLW) measurements or 
CO: production in frec·livinc animals. This was done 

lo distinguish DLW .me:uuremcms from olhcr pub· 

lished estimltes of field metabolism, such as "a\'trage 

daily metabolic r.uc:" (AOMR), which arc long•lcrrn 

continuous measurements of Olt)'gen consumption in 
c:tptivc anim3ls(Morrison :~nd Cirodzimki 197 5), "d<lily 

energy budget" {DEB), which ::uc b1scd on measure· 

mcnts of existence mt:t:~.bolism (EM, the r.ue ofmeta

boliz:lble ener~y im:~.l:c: in cgc:d ilnimab, m:tintaining 

constanl body man outdoors) plus c::nim:ncs of the 

addition:~! mct:~bolic com orrn:c living, fC:productiun, 

etc. (Kc:ndcish ct al. 1971), and "dnily energy expen· 

diturc" (DEE), which involves field mcasun:mcnas of 

lime-'lctivi\y budgcu ;md l::tbor.uory mc3suremcnts of 

the energetic cosls or various activities (King 1974, 

Wabbei"B 1980, 1983). Retent studies indic:ue thai some 

OED :1nd DEE estimates of energy metabolism m3y 

differ from DLW ml!:tsurcrncnts by up to :!:SO% in 
birds (WC.lthcn cl al, 1984, Willi;:~ms :md Nagy 1984a) 

and mammals (Nagy and Milton 1979, Nagy and 

Montgomery 1980). 
The :~ccur.u:y of DLW me:uuremcnls of encrsy me· 

l:lbolism h.u been cx:~.mincd in aplivc llnim:~ls by 

comparingsimulmncous OLW mc:~suremcnlS:.nd COa 

production measurement (gas chromnto(tl'llph or in· 
frared analyzer) or met.:lbolizable cnersy int:~.kc mea· 

suremcnts.ln e:~rlier studies on si.x species or mammals 

and one bird species, the :~grccmcnl between methods 

w:l5 within 4% onnvc:r:~gc: (summari~ed by N:~sy 1980), 

Marc recent "udics indic:s\c similar agreement in hu· 

m;ms (Schoeller :and Van Saulcn I 982) nnd birds (Hails 

1979. Wc:nhcn:tal. 1984, Williamsand Nt~&Y 1?84b, 

Goldstein and N:~gy 1985. Williams 1985). When dif· 

fen:nccs 3rc sm:~llcr than 5%, il is difficult to dctc:m1inc 

whether the errors :~rc in the OLW method or in the 

other melhods used (or independent mc:mucmcnt or 
cncfBy mct3bolism, or both. Consillerins the: otddition· 

al sources or error th:n may occur in field situ:ations 

but noa in most laboratory studies (Nagy 1980). most 

DL W me3surcmcnts or FMR in mammals and birds 

otrc probilbtyaccur.tte 10 ::8%orbcner. In this an01lysis, 

I used DLW results on,y. 
FMR dotl.tl for '23 species or cut henan mammals. 13 

spccic~oorm3nupi:al mammals, and 2S species of birds 

were available for this arulysis (Table 1). The~ mc3· 

!-urcments were made in 3 variety of habitus 
croclimalt:$, a\ ditrcrcnt se:l$0n!S, and in an 
different diets, beh:1vior patterns, and agC$. 

the difficuhicsof~pturing birds (which seem to 

how to :avoid be ins. c:1p1un:d more quickly than o 
vcrtebr.Jie!\) during nonbreeding seasons, when they &It 

nol compcllc:d to return rcpc:ucdly to their nC$ts. IZlOIIIIl 

of the FMR mc:t.surcmcnts av:ai!:tble arc for brccdq 

birds (:>ec: Sdson column in T:t.ble 1). I excluded oc}., 

the FMR da\3 for :~nimals lttat were probably not~· 

dothcnnic during DLW mc-.uurements, sucb as~ 
wioteringdaert rodents (MulJtn 1971a. b, Mullen · 

Chew 1973) 3Jld nestling altricial binb (F"aati: · :: 
Congdon 1983, Ocninccr c:t lll. 198S, WUliana• ·: 
N;~gy 1985), Cohorts within specic:s, such OJ.S ~ 

females, and juveniles, m:~yoccupy difTcrcnte<:oloPi;~ 

niches, and individual :.nimals m:sy havcdiffen:at~··· 
:t.bolic rates ill V300US times or the year, Wb~ I 

statistiolly signif1c:tnt differences in FMR wen: ro~ 
between groups within species, I used poup ~ 
r..ther than a mean for the entire spc:de5. nuu., ~
data ;md the: rcs.n:ssions derived from ahem rc!let:i,~~ 
much ns possible, the n:nural variation in lhc dnily c:Oi~. 

of li vins in the licld. This approach should make iii(• 

mults more ccologiolly me:minsful. (Recalcul:lfiDi~\: 

n:gr~sions in Fig. I using sp..-cies menM mont re;~· 
no signific:mt differences from cohon rqressioni •• . . . 

Allometric analyses were done by ~IJ'CS$UlB • • , 
t101nsfonnations of mean FMR values (the c~·--.. .. 
nrinblc) Upon l011o \r.lOSfonnntions orlbe COITCS .,. _ ) 

ins me:m body m:us values (lhe independent · • 

usins the lcast-squnn:s method (Dixon and "':' 

1969). Results ofth~ rqn:ssion anal:fS;Cs ~ "~l 
OlS follo\,I.'S! lhc cquauon for the regression hne h4IS t!ie'} 

fonn 
log y • los a + b log x, 

where tog y is loa 10R--tR (musURC! in kitojoules ~i 
dily), log cz i:s lhc: inacrccpl of the line an!J a is ~ 
unt:an1fonnrd value or FMR (in kilojoulcs per cti)}! 
for a I·& animal, b is the slope of the line, und los.Xri~ 

log1000dy mnss (mc::1surcd in gr.1ms). The followiil&. 

suaistics an: nivcn in Table 2 for e:~ch regression c:qii;:: 
tion: sundan1 cJTOr of intercept (sr....,.), confidence iD
leI"\· a I orintcn:crn (95% C1....,), sundard error ofslope 

(SE.),confidcncc interval of slope (95%o.), numbd'of 

d:ua points (i\'), coefficient of dctcrmin:nion (~). prob

ability value (P) for signifioncc of regression (froP* F 

natistic), 1n~an v:llue of toe1oX (log.x). mean valu: of 
log1a)' (tog y), and the eq11:1tion for C3lculaling the 9S% 

confidcn~ interv01l (9SI!t! C1""") or a prcdicled tos.y 
Villue (P log y) a\ .any &ivco los x value (Dunn u.td 

Clark 1974). • · 

These anal)'SCS were done on t~e d:u:~. sets for aD 
cu\herinn mamm:lls, all m3rsupi:sl mammals. ;md m1 
birds. The O:$uhins !~lopes were tested for sianific:anl 
difTr:renc:c:s (P < .OS) from the slopes for bas:al me\a
bolic r.nc: (b11..,._) for lht$1: groups u~ins the c:quatior · 

~ 
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..._,a I: Summary or6cld metabolic r.ua (fMR), mt:Uurcd with doubly labeled walcr, in rm-livioa m11mmals and bird!. '· ..• .. 
I 

Fiaure 
.;. .. 

Mas.s FMR num· Rerer· 7 
Species (!) (lc.Ifd) Cohon• lbhit:nt sa~n* Dicat berl cncc1 

... 
~· -· 

Eu1bcrian ma.mm~s ·~ 
L.. 

MIU m~UCW'wl' ll.O )9.8 A ss Au,W 0 • 
M«mW caljfornlnu 12.6 2:!.1 A D Sp I .2 2 ., 

ll.J ~0.8 " 0 w I 3 2 .:: 

ClttArlonont.)'J l"'lli/U!fl tl.6 ~9.0 A T w H 4 J 
11.3 S2.8 A T Sp H s 3 
15.9 60.2 A T Su H 6 J 
16.1 5B.S A T Au H 7 3 

PfflJm)'S('.tJ cri11itllSfl IJ • .t 39.3 A 0 w 0 8 .1 

Ptrottv:~hus /ormoJ~ 16.3 ~S • .t A D Su G 9 s 
16.8 .t4.7 A D Au 0 10 s 
1&.0 53.0 A D w G II s 
20.-' 57.5 A D Sp Q 11 s 

Ptram)mlS lturop~ 19.4 36.6 A OF Au 0 !3 6 

Dlpot/IJmys muriam•• 32.0 )7.3 A t> Su G 14 ., 
33.0 su A D Au Q I.S 7 
)9.1 6l.ti A D w G 16 7 

l'uudcmys albccurrrt'W• 32.6 6:! .. 2 A ss Au,W 0 17 I 

AamrYJ ashirinWfl 38.3 51.8 A 0 Sp 0 IR 6 

Ac.omYJ n.w4lW1f -4S.O 4'1.6 A D !\p 0 19 8 

Sdcl'tlamys cai111Wf1 4l.:! -14.0 A D Sp 0 ~0 8 

ummur trimu.:rrJnalllSfl S.S.:! 201 A T D H :ll 9 

Dlpodom,'f m1crop:sfl S4.7 34.S A D Au 0 ll 7 
6CJ.3 10:! A 0 w 0 23 7 
511.4 1)7 A 0 Sp 0 :!4 1 
55.0 64,5 A 0 Su 0 lS 7 .. 

•mtJJpo111lJphilw ln~cvr.al 90.0 114 A D Sp 0 26 10 
. 

79.9 79.3 A 0 Su 0 :n 10 -~. 82.1 79.6 A D F 0 11 10 
96.1 19.0 A. 0 \V 0 29 10 

.AnioJI4 tmatrid 81.9 149 A TM Sp H 30 u 
89.7 88.7 M TM Su II 31 Jl 

TdlltW nrltJJust 96.3 143 A OF Au 0 32 6 . ; 
2'?!omom)7 bott~ 99.4 127 A cs Su H 33 I:Z 

101 128 A cs w H ]4 ll 
I~ 136 A cs Sp H 3~ ·~ 

/.tp&u OJlV-'rrclcm 1800 1416 A 0 Sp H 36 13 

~a pal/lata 
1800 1115 A D w H 37 13 

3200 lliO J TF 0 H JC l4 .. 6250 2304 F TF 0 H 39 14 
84U 2861 M TF D H 40 l< 

~halu.J ga:t(/a 37000 29 108 F M B c 41 15 

Gzliorh/ nw ursini&S .51100 43 200 F 
,. 

lJ c 42 15 

51 100 28992 F M n c 4] IS 

Odoeoiltw htmionw 39 975 23375 F TM Sp H .... 16 
67100 40000 M TM Sp H .. , 16 

'Z41c;Jnu UJiifomicus 84000 38 44S F .M D c 46 IS 

Man\lpi:U mammals 

Slf'llntl;opJis cranfccudQt~· 6.1 29.1 J TM Sp I I 17 

16.6 68.8 A TM Sp l l 17 

.flll«AJnw Jlu.2rtll .. IS.4 48.1 F EF w I 3 18 
20.4 71.6 F EF w J 4 18 

29.3 75.0 M EF w I 5 18 

ANrcA/niAJ Sl\'QIIUOnii .. 26.3 66.2 JF EF Sp 1 6 19 
3:!.1 92.1 JM EF Sp 1 1 19 
47.4 1:26 F EF Sp I 8 19 
, ... 2 lll F EF B I 9 19 

S2.S 1:!4 F EF p I 10 19 

72.7 177 M EF 0 I 1\ 19 

.,~bm'ICQJ Ill IS3 F EF w 0 ll 20 
IJS 192 M EF w 0 13 20 
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M:n.s FMR 
Sptcics (J) (l:J/d) Cohon• HabiUl1 Sc:ucnt Die' I 

GJ•mnobttit!nJS ltadbtattri 117 219 F EF Sp 0 1-4 
13) 232 M Ef Sp 0 IS 

Psnufochtirw ptrtgrlnw :!78 249 J EF Sp H 16 
717 S.56 A. EF Sp H 17 

Ptrauroidts voltnu 934 690 F EF w H 18 
1042 S70 M EF w " 19 

Sttoniz brtzchyunu 1507 486 J ss Su II 20 
2472 ti62 A. ss Su H ll l 

/Joodon obauiiiJ 123;! 690 A EF Au 0 22 i .if~tJpiU ~ltnil 4S:SS 1229 A. ss Su H ll 
Thyloralt billartiltri S44.S 1489 A EF Sp H 14 

l'lr11Scolarctos cf~tt\IJ 7800 20SO F Ef \V II 25 
10800 :ZOJO M Ef w H 26 

.\lacropu.s rfganlnu 27000 !1611 F 'EF Sp H 17 
61900 11734 M EF Sp H 28 

Birds 
Colypt~ anna 4.S 26.7 A cs Su N 1 
ZtJSurops l4tt'FOIUft 9.1 35.3 A EF Au F 2 

9.1 39.2 "' EF Sp F 3 
9.6 S0.7 A EF Sp F .. 

llirundo lahitlcaft 14.1 76.6 A TF D I 5 

RlpGria ripanlzft 1 .... 3 81.7 A TM B 1 6 

PIWttn~I~JJ .u~nd .. icAttUistt 19.1 80.3 M SM 8 0 7 
17.0 61.1 F SM 8 0 s 

Ddlchon lllbltaft 20.1 77.1 A TM S~a I 9 
20.3 7l.Z M TM B J 10 
20.3 79.0 F TM D 1 1l 
18.9 74.1 F TM u I ll 
18.9 79.8 M TM D l lJ 
18.2 94.4 "' TM D I 14 I 
17.8 77.5 M TM D I IS 
11.8 84.1 F TM D I 16 

II 19.3 79.6 M TM B I 11 
18.7 80.7 F TM B 1 18 

lllnuulo ruJtlcaft 20.4 104 F TM n I 19 I 

I'IUJIMpc'p/11 nJtl'llltt 2::!.1 79.J A D Sp 0 20 II 
Ml'tOpS rftidis 33.8 74.4 A TF 9 I ll ! ! 
Mimus po/yt/ouont 47.6 121 M Of B 0 22 I ; Progn&' .ndllstt .n.7 183 F DF D 1 2.3 

.SO.J 14) M DF 0 I 24 

Ocnmltn oetanus 42.3 81 A M D c 2.5 
42.2 IS7 A M B c 26 39 . 

Sturn&U wtraritlt as.o 231 F OF D 0 17 "" .. i 
78.7 246 F DF D 0 ll .a 
74.1 327 F OF 8 0 29 40 
76.9 :m M OF D 0 :10 .a 

Calll~pla gam~lil 145 90.8 A 0 Su 0 31 ... 
Sttrm:fwr4ttJ 188 141 A M B c )2 42 

184 J-10 A M B c 33 41 

AmmopmJix h'>'i 156 122 J,A D Su 0 34 43 
Z06 1.50 A D Sp 0 l.S 43 •· .. 
~09 172 A D Au 0 J6 43 ~· 

A now Jtolldw 19~ lS::! A M D c 37 44 Tt 

Rwa tridactYla 386 913 A M a c 38 4S .'f. 
Afn:toris chllktJr 333 2.20 J.A D Su 0 39 43 '=' 

432 l.S9 A D Sp 0 -40 43 :. 

419 302 A D Au 0 41 43 ' 
PujJinw padficuf ]84 614 A M D c 42 ~ ·:. 

DlomninJimmurabilu 3069 1447 A M p c 43 47 ;'l;-

3064 21~7 A M p c 44 41 ~ 
~ 
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d I. Condnutd. 

Sph.tnilcw dtmunl.f 
MommtcttJ gigllnltW 

Pyros:tlis Gdtliar 
DiomtdNJ l"xularu 

Ma.u 
(I) 

3170 
JS83 
4SOS 
3868 
7360 
9440 

FMR 
(kJ/d) 

1945 
4149 
4737 
4002 
263:! 
3973 

• Cob on: A .. adult. F • (rmaJc. M .. m~lc, J .. juvrnilc. 

Cohon• lbbiUlt 

A M 
F t.t 
M M 
A M 
F M 
M M 

Fii\R 
uwn· Rder· 

Sc.uont Dittt 
~· 

tncd 

u c 4S 48 
D c .16 49 
u c 47 49 
8 c 48 50 
D c 49 Sl 
n c 50 51 

t Habigt: SS .. u:mioarid ~b. 0 • descn. T • l:lip or 1undrn, OF • decilluoul foreSI, TM • \c:mptr.lle mc:~dow, CS .. 
cb1pam1 scru!J, TF .. lropicd forest. M .. m:~rine, EF • cuc;~l)·pt rorc\1. SM • \3lt m:~.nh. 

*Sc.uon: Sp • sprin1. Su • summer, Au • ;aurumn, W • winter, D • breedins. D,. dry. 
I Dicl.: 0 .. omnivore, H • hctbivorc:. 1 .. inSCtli\'Dtt, 0 • Knnivott, N - ntcUrl\'OJC, F .. rru:Pvorc. c • ami\· ore 

(primarily lish•atcrs). 
I F'llute number com:sponds to those in Fis. I. 
1 Rdcm!OCS: 1. K. Nao :and K. Morris. pmonaJ obltnTJtion, !. Bell et al. 1986. 3. Hollc:m:sn ct al. 198:!, 4. Mullen 1971a. 

5, Mullen and Chew 1973, 6. RAndolph 1980, i. Mull~n J971b, 8. Otten ct al. 1986, 9. Pc1cnon ct al. 1976, 10. K;ar.uov 

1981, 1983, II. G.-motet aJ. 1984, 12. Gtn.in,er 19114. IJ. Shocm::tl:er ct :tl. 1976, 14. N~IY t.nd Millon 1979, 15. Cosu.:t 
a1. 1915, 16. K.. N~a.r ::md N. J11cobscn. pmorntl obJt'mltion, 17. K. N:an. A. K.. I.«, R. M:~nin, ano M. 'Flcmina. pmonul 
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.. Ouyurid runupi:LI. 
It Passerine bird. 

• (b - bat.~ 11 )1sa;., where t is the Student's t suuistic 
(Afi6 And Au:n t 979). Anttlysis of c:ov:uiilntc (AN· 
COVA. Dixon and Massey 1969) was then UlCd 10 test 
for ditrcrc:nccs amons the three regressions. Fiut. lhe 
$!open were examined, and if I he slopes did not differ 
si&nifanlly betw-:cn rq.rcssions, the c:omrnon slope 
wu cllculated, ;and the adjusted regressions wen: then 
Cmed ror diffC'I'enrcs between inacrcepts. Subsequently, 
subpoups whhin the dat:1 sets rnr eutherians, manu· 
piats,IUld birds were JJbo compared using ANCOVt\, 
Rtvc-.uion SUitisth:S shown ore I hOse dcri ved from lc:LSt• 
Soqu:ues analyses, unless ANCOVA indiC':ltcd that slopes 
did not diiTcr. In those: c;ues, the sl<ltistics sho\.l.'n are 
those derived via ANCOV A on the: basis of the com· 
mou alopc. 

Fo:ding rnte$ l'(quircd 10 provide mctaboli7.able en· 
a'J.Y to animals u f:nt ::'Is they were oxidiling it {os 
mea.ntn:d by DLW) were: C3lcul:~tc:d rrom inrormation 
•bout diet cnc:rg) conacnt and 3ssimitability. Deuils 
ltt Biven in the S.:tlion on rood rcquircmc:nts below. 

RF..WLTS AND DISO.:S$10:.1 

Euth~rians, marsupials. and birds 

Like BMR. fMR i~ strl)nglr coml:ued with body 
.Qlua in tuthcriar. m:~mmaJs {Fig. I A), The rqn:ssion 

~'UioD for euthcrians is: 

loa,. • o.szs + 0.8l31og K, (IJ 

with,.: .. 0.967. However, the slope oft be FMR rc:grcs· 
sion. 0.813. is sicnifito~IUly highcr(P < .02S) than Klci· 
bcr's(l975} DMR slope of0.7$ and much hisl1c:r(P < 
.005) thun the DMR slope or0.696 n:ccntly rtponcd 
by H<~)'ssc:n and ucy (198!5). Thus, FMR in the cu· 
1heri:an5 studied to d:atc is not a consUint multiph: of 
DMR. Most or the: Jarxc cuthc:rians arc m:1rinc mam
rnab, which :~rc: known 10 h:~ve rr.l:1tively hi&h 8MRs 
(Robbins l983), ond lhis may contribuu: to lhc: steep 
slo~. However. 'he d;Uil ror deer (points 4.t :~.nd ·•S in 
Fig. tA) fall in the: middle of the marine mammals. It 
woultl ~ u~ful 10 know ir deer :~re rcpR"Stnt;ltive of 
l:argc ruminants in senc:ral. Also, no FMR measure· 
mcnls h:1vc )'ct been made on shrews or o1hcr vco· 
ilctivc:. very sm:tll cuthcri:lns. 

M.:mupial mnmmals al:.o h:.vc FMRs th;u com:1:11c 
mongl)·wilh bod)' mass (Fig. I D). The regrc:~ion cqua· 
tion for rn:~rsupials is: 

Ius y • 1.07:! + O,S76 los .t. (:!) 

with r - 0.970. For roarsupi:als. the FMR slope is 
signific:mth· lower (P < .00 I) th:~n the BMR slopes ~:~r 
0.737 n:poncd by 03\lo'Son :md Hulbcn (1970) :1nd 
0. 747 rc:portc:d b>' Hu)·s~n ond Lacy ( 1985). The r.uio 
or FMR 10 DMR decrc!lses with inCTe3sin& body mass 

~· . 
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T -'!liZ 2. Rrpnsion stuistia for allometry or Ocld metabolic rtl!:l (k1/d) and fca!lDJ (dJy man.tt iqatloo) ratc::a 

tc:nntrid vmcbr.un.. 

Units 9S~a 9~~a 

Group ory los a •) of Iota l:I(UJ orb N ~ 

Euthcrian m•mmak 

All culh~ri:Lns k.IId D.Sl~ (0.057) 0.410 0.813 {0.023) 0.767 .. 6 0.967 

0.640 0.859 

lid -0.6:!.9 (0.065) -0.760 0.82:! (0.026) 0.769 -16 0.958 • <.OOl, 
-0.491 0.174 ·:.i? 

Rodents klld 1.021(0.1-11) 0.734 0.!07(0.087) 0.330 ll 0.514 <.OOJ.:. 
1.310 0.684 --

aid -0.207 (0.194) -0.602 0.564 (0.119) 0.322 JJ 0.421 '''l:' <.oar t..·. 
O.l89 0.807 7.:• ~ 

c;m~ 

Other ch:an lr.J/d 0.239 (0.153) -0.097 0.88.5 (0.039) O.&O!l 13 0.919 ..:.oot !:.·. 

I. rodents 0,575 0.971 ·~~~· 

[· Hc-rbivor= kJid 0.774 (0.109) 0.54\ 0.127 (0.039) 0,644 17 0.9S9 <.~t;:· 
1.007 0.809 •• 

a/d -0.239 (0.109) -0.472 0.717 (0.039) 0.64.5 l1 0.960 <.oOi. -

-0.006 O.B09 , .... 
Olherttwl 'kJfd 0.412 (0.058) 0.292 0.861 (0.026) IU09 29 0.917 <.001 ~::. 

h ~rbi vorc:s 0.532 0.91.5 <.~ 
~rt k.Jid 0.507 (0.0S3} 0.:182 0.786 (0.023) 0.731 23 0.963 

euth.:rians 0.633 o ..... . .. . ... 
s/d -0.82HO.I01) -1.035 0.174 (0.0S6) 0.757 13 0.920 <.001 • 

-0.615 M9l .•.. 
Orhcr ch:a.n lcJ/d 0.663 (0.072) 0.493 0.786 (0.023} 0.131 23 0.963 <.001.~. 

desrn sped~ 0.833 0.841 ···~~· 

MaNSpial nu~ ~l 
All manupials k.J/d 1.072 (0.054) 0.962 0.516 (0.020) O.SJ5 21 0.970 

~ . 
l.lBl 0.517 

<.001'~· 

llfd -0.308 (O.o-16) -0.403 0.673(0.017) 0.638 28 0.984 <.ooi~'.t. 
-0.212 0.708 .;~ 

Hrrbivor= 0.507 0.644 (0.034) 0.562 12 0.936 
.. , 

kJ/d 0.804 (O.tll} <.001 ·.:. 
1.101 0.725 

,: ... ..... .., 
lfd -0.311 (0.181) -0.714 0.6 76 (ti.OS(l) 0.56-C 11 0.948 <.COt,ff. 

0.081 0.188 ~:~· 

Olhcr lhan lc.J/d 0.978 (0.063) 0.82S 0.644 (0.034) 0.561 16 0.936 <.001 
.. 

bcrbivm"tS l.1J I 0.12S 

Dirds 
.. 

All birds kJ/d 1.0)7 (0.064) 0.908 0.640 (0.0)0) 0.580 so 0-907 <.OOl ·:· 
1.166 0.699 !·..:. 

efd -0.188 (0.060) 0.310 0.651 (0.028) 0.595 so 0.919 <.001~: 
-0.067 0.707 •J 

P:ls sc ri nes kJ/d 0.949 (0,059) 0.809 0.749 (0,037) 0.66] 26 0.899 <.001 

l.OBB 0.835 

&fd -0.400 {0,075) -O.SS4 o.sso (0.0531 0.741 26 0.915 <.001 . 
-0.147 0.960 

Orhcr lh:an lt.Jid 0.681 (0.\0:U 0.442 0.7<49 (0.037) 0.663 24 O.B99 <.001 

~sscrinC$ 0.920 o.us 
afd -O.S:!I (0.132) -0.794 0.751 {0.048) 0.65:!. :!,A 1).919 <.001 

-0.248 0.850 

Dc1.1:n birds kJ/d 0.703 (0.067) 0 . .561 0.660 {0.011) 0.617 II 0.953 <.001 

0.838 0.703 

Gld 0.045 (0.238) -O.H6 0.445 (0.103) 0.192 a 0.755 <.01 

0,627 0.6911 

0\h~rdwl kJid 1.05:!. (0.046) 0.960 o.660 to.o:m 0.617 •l 0.9;3 c,OOl 

de1en species 1.14$ 0.103 

Sc:lbinls lr.Jid 0.9().$ (0.1 87) 0.501 0.104 (0.061) 0.57:Z IS 0.911 <.001 

l,J07 O.BJ6 

aid -0.306 (0.187} -0.109 0.704 (0.061) 0.572 1S 0,911 <.001 

0.098 0.836 

.;A 
.ll' 



ih , .... ~ ... 
:~. .. 

•JIIM I9Jl ENERCiY MET ABOUS~t ALLOMETRY 117 ··f 
'"''''\•:Z. Coblinucd. in mnrsupi:1ls, wherei.\5 in the c:ulhc:riiUtS studi~ thus .. 

f:1r, FNtlVBMR inm:llses with increasing body mw. . r .. 
u 

9.SIIb Cl or predicted los Y' The FMR ofu lnrse (62 'lcs) mole &ICY kanproo is mucll 2 

lot.t loay t: d t" 
lower than the FMR ofa l:~rse (67 kB} mnlc 1nulc de1:r ., 
(compnre point4S in Fit- lA wi'h paint 28 in Fig. 1 8). 3 

1.196 l.Jll 0.371 1.0:2.2 O.OIS 
For birds, FMR is highly correlated with body mn1s ~) 

as well (Fig. lC). The: resrt"ion equntion for birds is: -
2.196 1.176 0.425 1.022 O.OIS 

(' 

tos y • 1.037 -t 0.640 los x, (3) ..... 
I 

t..S98 l.Bll 0.316 I.OJO 0.313 whh r • 0.907. In birds the FMR stope does not differ 

IJ98 0.69.S 0.4)4 1.030 
(P > .20) from the BMR stope of 0.668 for :1tl birds 

0.313 (L:lsic:wsld 11nd Duwsot\ 1967). 

3.7U 3.5:!8 0.386 1.077 0,049 
Jud&in& by the diiTcnmccs in slopes. FMR ~lcs dif. 

fcrc:ntly thon does OM It in mammDis, but not in birds. 

2.566 2.6)9 0.406 l.059 0.041 
What about the clev.:uions orthe relationships: do mar-

supials hnvc: lower FMRs than cuthcrians, and birds 

:t.S66 1,626 0.405 1.059 0.041 have higher Th1Rs than euthcrian~. as occurs with 

DMR 1 Plotting the thn:t: rqreuion lines toac\hcr (Fig. 

1.910 2.119 0.321 1.035 0.027 1 0) revdls thM the lines cnm each other, and do not 

son into the hicr:1rchy cle3rly evident with BMR. AN-

1.701 1.844 1.995 0.031 o.ooos COVA :1ppl\ed to all thm: aroups indic:nc:s that the 

slopes ::~rc not identiC31 (F:. 1u • 25.1, P < .001). 

1.100 0.662 O.lll 1.044 0.14:! P3irwise ANCOVA comparisons show that the slopes 

2.691 2.778 \.995 0,031 
for cuthcrinns t~nd marsupi::~ls diiTcr (F1,1'0 .. 46.4, P < 

0.0005 .001), tllc :slopes for cuthcrians otnd birds differ 

(F,,u • 21.6. P < .00 l), but the slopes for marsupials 

and birds do not differ signifit3ntly (F~.,"- 2.69, P > :. 

#"""', 
2.<494 2.509 0.231 1.036 0.031 .10), However, the intcrccpu for marsupinls and birds, 

n:c.::llcuJated usina the common slope of0.611. ~ siz· . 
'-"·lAM 1.310 0.199 1.036 O.Oll nific::lntly different (F1.u • 7 .42, P < .o 1). with bircis -

3..534 3.079 2.060 0.012 0.0011 
hllvins 1\ higher imc:rcept than mmupials. 

2erbe ct at. ( \982) provide a statistic:ul mctbod ror . 
determining the r.mac of X VOiluts over Which IWO 

.. 

3..5:34 2.066 0.256 1.083 0.192 
Rgrcssions with unequal slopes arc too close to e:u:h 

1.714 l.OSI 1.060 0.011 o.oou other to differ significantly. This method indic:lates that 

the rqression5 for cuthcri:ans and marsupials do not 

diner bctwttn body masses or71 ;1nd 548 a. lU'Id eu-

1.981 Z.lOS 0.368 1.020 0.026 therians do not diiTcr from birds bctwc:cn body rnnssc:s 

of 241 8 and 9.44 ka. This suggests that the FMRs of 

1.983 1.102 0.347 1.020 O.OZ6 cuthcrians, marsupials. llnd birds nrc similar for rnc· 

\.371 

dium·sizcd (241-S48 &) animal$. It is not possible. on 

1.981 l.Ol4 0.016 0.0014 the: b:1sis of FMR me3.surcments prnently 3VDitable, 

1.371 0.772 O.ISB. 1.038 0.<180 
to dctcnnine whelhcr a 250.; endotherm isn cutherian, 

A mnrsupial, or a bird from knowtcdae ttf hs FMR 

1.6JI l.6S7 2.014 0.026 0.0014 
:~lcmc. Thus the FMRs of medium-sized euthcrians do 

not r .. u into the p:mcm or mnrsupiol c euthenl.\n < 

1.6)1 1.460 0 ... 01 1.042 0.061 bird that is predicted on the basis ofBMR rqn:ssions. 

Small cutherians h01vc tower FMRs than small m:r.r-

2.266 1.199 2.014 0.019 0.0005 supials nnd birds, bu1 large cuthcrians h:~ve comp3r-

2.266 
ativcly high FMRs. 

1.0Sl 0.215 1.125 0.848 
Endothtrms and ectothtrms 

1.929 2.326 :!.014 0.018 0.0005 The energy COS I of living in na,ure for cndothcnns 

1.951 2.9&5 0.399 1.067 0.109 
is c:nonnous compared 10 th111 or ectothcrnl5 such lLS 

reptiles. The n:gression line for FMR in isuanid lizards, 

2.9.51 1.775 0.399 1.067 0.109 
logy• -0.650 -t 0.799logx, i' • 0.981 (l'lagyl982) 

has D much lower elcv:ation lmtn those Of mamm:llS 

f'c· 
:~nd 'birds (Fig. l 0), A 2SO·g mt~mmOJI or bird typially 

ll I .. 
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TiUIU 2. Cantin~ 

Uniu 9S'lb a 9S"'-'a 

Group ory t..os o {sr"" J o!Los a h(srJ ofb N 

1.161 0.440 (0.049) 0.340 3S 
1.489 0.540 Other lban kJ/d I.J2S (0.08 I) 

seabirds ... 
l&uanid li=dll .~ 

All iSIWlid.s kJ/d -0.650 (0.029) -0.71l 0.799 (0.013) 0.7~1 :!S o.981 
-0.589 0.847 
-2.1()4 O.S4lt0.0,9) 0.652 5 O.SB:I 

-I.J:Zl t.Ol9 Herbivores Jld -1.713(0.113) 

tnscctivorcs &ld -1.890 (0.031) -1.967 
-1.!11 

0.773 (0.038) 0.693 20 0.9!8 
0.153 

• Equ.nion for QJculatinlllie 95~ c cr n pmiictcd IOl y value at any loa x ~uc: b of lbe ronn~ 

9.51!11 a..,., • lo& y :: c{d + t{loa x - lo&.t)l:r-1• 

spends ==320 kJ or eners, daily for oxidative mc:t.ab

oli~m. This is t71imes as much aslhe 19 lcJ required 

by a 25G-a isu:mid lizard durins 11 sprina or 5ummer 

day. This difference re:~ulLS p::~nly from a three- to six-

(Fig. lA). The ANCOVA-scncr.ued rt&reuion -···-'-• 
rodents is: 

losy • 1.02:! + 0.507 lO!J ..r. 

fold gre:liCf c<lp:lCh)' or cndothcnn USSUCS tO process 

cneriY :11 the cellular level • ..s reflected in gruter mi is: 
to<:bondrilll densities, relative memb101nc surface an:as, 

enzyme nrtivit.ies, sodium transport, and thyroid ne
tivities{Bennetl1972, Else and Hulben \9U, Hulbcn 

and Else 198 t), However, most of lhc dilferenc:e is due 

to mc~bolic rtspon~s to dnily thcnnal regimes. As 

ambient tcmper.uure drops at nig!u, a lio:ard's body 

t~m~lun: And cnctKY metAbolism bolh decline, but 

:1n endothcnn fac:ina the same environment maintains 

' hish body u:mperatun: at the cxpens.c: or inr:rcnsins 

metabolic heat produclion. For example. Dl nn ambient 

tcmpernture of I O'"C, ;a lypk;d 2S0·& cndclhenn h..s a 

r~tingmctabolic roue that is =200 times thotornlSO·a 

lizard (alculatcd usina the allometric rearc~ion or 
Hinds IUid MacMillcn (1984) for mammals, and Ben· 

nett nnd Dawson's [19761 r;sression for liulrds at 2o-, 

nuumins a Q1 ~» of 3 between 10'" and 20,. 

Rodmrs, das)ourids, pas,erines 

The: allometry of DMR within some wonomic or• 

den of m:.mmal1 diffc~ from the BMR regressions for 

the Clan Mammalia or the BMR rcucssions for \he 

l:lfracluscs Eutheria and Met:~thcri:s (mDnupials) 

(Hay$.St:n lllld lacy 1985). Simit:uly, the higher BMR 

of birds in the Order PasStrifonnes as comp3rcd with 
other birds (l..a.siewski and Da~n 196 7) is well known. 

Arc: these dilfcrcncC$ also ilpp:m:nt in FMR :1llomeuy? 

The ~ta Stt for cu\hc:rians rrnblc I) contains an 

ndc:quate number or FMR. measurements on Olnimals 

in the Order Rodentia 10 t,c:ld a st.atisti~lly significant 

allometric rrarcssion, llnd llc:ncc pennil ANCOV A 

compa.risons or rodents with all other c:utheri:uu. The 

:Jtlomctric: stope for rodents i:s sianific::mlly lower 

(F1• 41 • I S.3, P < .00 I) than lh;u for other cuthcrians 

-- -- ---LW'i .. 
' 

logy .. 0.239 + O.BBS log.t, 

~itb r • 0.919. The FMR slope for rodents ~-~~._. 

docs not dilfc:r si&nific::mlly (.10 > P > .OS) 
slope ror BMR in aodcnts (0.669, Haj'l.Sen .R.;t:'I'CI'IIi 

1985), but the contldcnc:c intet'\'nls for tbc FMR. 
llte rcl:llivcly ~(fable l). s~ teen spe-d~ 

h:IYC been $\UWW (Tabte l ), bUt 11\1 ate Il:lllU'II'CY 

( < 100 B); studies on lnracr rodcnu would be 

Eu\herians in the Order Edcntnt3 are known to 

lower DMRs than other cuthcri3ns (H11yssc:n and 

1985). FMRs of two cdc:nutcs arc also much 

lhlm FMIU or other c:.n.hcrinns. Th.rce·tocd 

(BradypiU l'llriegtUus. NcSY ll.lld MontsomtfY 
h3ve a nuw-correctcd FMR or 0.70 kJ.a~-o..a1s 

which is only 21% of the nte of3.35 k.l·s-~"' 

a typica! c:ulherian (Eq. 1). Silky ;u"~tC3ters (t:)'c:lc7J~ 

didattyfus. K. A. Nllgy and 0. G. Montaomc:ry. 

sonotobservaJion} metabolize 1.271c.J·a·o.m.d·•. 

38~ ohhc: expceaed FMR. 
Whhin the m:.Dupi:tts, species in the Family 

uridae do not show a diffcRnt allometric retallooshlp 

th:l.n do other marsupi11ls (Fig. 28). Ao'ICOVA iDdi·' 

t:ltCS that no signifiCllnt differences elist l;ctween slopeS 

(F1,u • 2.34, P > .10) or intercepts (F1.:1 • 2.98, P ~ 

.OS). Thus, tb~ overall rqrcuion for manu!lia.Js (Eq. 

2 above) best describes the FMR. allomeu·y or~: 
rids. BMRs oftbsyurids (MaeMillcn and Nelson 1969) 

also do net SC31e diiTc~ndr thllll BMRs of other aw
supi:tls (Dawson and Hulben 1970). However, BU:R. 

in \he ~syurids listed in Table ~ accoun~ for only •:8~ 
20¥.. orFMR, wilh lhc remainms 8G-a7% allou~ 

uctivity, tcmperuturc: rqulation. and other e:ncrzy ~. ~ .. 

·--· pw• --
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t.S6~ 2.014 

1.071 0.209 

1.896 -0.119 

0.870 -1.211 

r d t 

0.297 

O.l6l 

0.358 

0.\51 

1.029 

l.lOO 

1.050 

O.llJ 

0.088 

0.278 

0.279 

•;,flivinJ in nature. Thus, it is surprising lh:u the FMRs 

or dasyurids, wbich 1m active prcd;uon, do not have 

bi&}lcr et\CfSY CO!\S o( living than Other marsupials, 

which include omnivores and herbivores (Table 1 ). 

P~rine birds. as ;1 JCOup. do h:J.vc significantly 

hiahcr FMRs than other binb (Fig. 2C). The slopes do 

not dirrcr (F1 ... • 0.::!96, P > .5} but the intc:n:.:pts do 

· (F1• ~' • t 7.3, P < .001}. The regression equ;uion for 

: pwerine bitds is: 

lo& J' • 0.949 + 0. 749 log.'(, (6) 

l '"'r • 0.899. The regres5ion equation (or birds other 

passcrincs is: 

loay • 0.681 + 0.749 los x. (7) 

. whh r- 0.899. The common 5\ope for fMR orpa~

xrlnes and non~ncs (0.749) dOd not differ sia

Dlficanlly (P > .20) fiom the slopes for BMR. of PM· 

serincs (0. 724) and nonP-W¢rines (0.123, 1..:1siewski 

and Dawson 1967J. This indic;ucs that FMR may be 

a relatively consWlt multiple of BMR in birds, over a 

~ tun&C orbody rnuu. The r:~tios of predicted FMR 

to predicted BMR far o 2SD·s bird a.rc 2.49 for non· 

PoUSeri.ccs and 2.80 for passerines (BMR eqtu~tions of 

~ewski and ~wson 1967), and ~Wscrinc FMR is 

2.50 times BMR mruured dunn& the active phase or 

the daily cycle, but 3.16 times BMR during the rutin& 

Phase or the d;:~ily cycle (BMR cquntions or Astho!r 

and Poh\ 1910). These r:1tios arc close to the values or 

2.6-2.8 limes BMR estimated by Drcnt et Ill. (1978} 

; · as represenuuivc ror breeding birds. (Most ohl1c FMR 
:· rn=uurements summarized in Tnblc 1 were done on 

j. brcedinc birds.) PrtdiC1ed F'MR of3 pancrin•: bird is 

I SCM, hir,her than that or 11 nonp.assc:rinc bird. Caution 

should be txtrci5Cd when interpreting Eq. 7. because 

mosa or the nonpas~rines included in this recession 

(llld all or lhe lnrp,e nonp:u.serincs) arc seabirds. No 

krnstrial bird b~cr th:m 500 g h35 yet. been studied. 

FMR. measure menu on ~gles a.nd '-uhurcs {l"or com• 

~, ~n whh Ciiant Petrels and albatros-.es) ar.d on OS• 

i.ebe$. emus IUid me:u would be ~peci111ly in1en:ninr,. r . .JirdJ Dlbct than puscrincs arc \'ely diverse, and lhey 

l • I-· 

prob:lbly should not be grouped together in nn ecolog

ical rontexL 

Diet 

DMR may reflect 1he kinds or food resources used 

by dilfcrc:nt species or cndothcnns (McNab 1974, 

l918a. 1980, Hnyuen and UC)' 1985). Lew BMRs 

m:J.y OCCUr in small insetttVDrous. rru&ivorous, Dnd @n• 

nivorous mammills, and in some groups orhcrbivorous 

m:~mmnls ;~swell (McNab 1986). r\n: dietary p3n1:rns 

rcllec1cd in FMRs of endolhc:nns? The present FMR 

dnt:J. sets an: not complete enough to lest for :~ltomcuic 

diiTt·n:nce$ for m:~ny diet types, but enough measure

menu ilrc availnblc 10 examine euthcri:m osnd rnursu

pial hcrbh·crc,, ilnd to comment on euthcri.t.n srnni• 

vorcs. 
FMR ~~~differently in hcrbivorouscuthcr.ans than 

in nont:c:rbivorouscu!hcrians (Fig. Jt\), The allometric 

slope for herbivores i~ sisnific:mtly lower (F1,,1 • 9.39. 

P < .00.5). The rrgrcssion equ:uion for herbivorous 

cutbcrinns is: 

lOiD' a 0. 774 + 0. 727 leg.\', (8) 

1o1rith,.: .. 0.9~9. The equ4\tion for nonh.:rbh·otous eu

theri;:~ns is: 

log y • 0.41:! + 0.862 log :c. (9) 

with r .. 0.977. L:lrsc herbivores tend to have s.ome· 

what lower FMRs \han tarso: nonhcrbivo~. bul srn311 

herbivores have somewhat higher FMIU lh!Ul smaU, 

non herbivorous euthernans, 
In mar!upials, FMR \1150 saJcs differently in her

bivores than in nonhcrbivorcs (Fig. 3C). Tbeallomelric 

slopes do not differ (F1• 2• • 1.11, P > .2S), but the 

intercepts do (F1• u • S.69, P,. .01). The rqression 

cqU.1tion for herbivorous marsupials is: 

logy • 0.804 + 0.644 loa x. (10) 

witbr .. 0.936. Thecqwuion for nonherbivcrous mar· 

supia.l$ is: 

lo1 y .. 0.978 + 0.644 log x. (11) 

with,.:,. 0.93(,, Hcrbivorouscutheri;msgenr.nlty have 

higher FMRs th:1on herbivorous marsupials. 'l'bt \lopes 

of the: two regressions do not differ (F1, u • 0.41, P > 

.SO), but the inlercepts do (F1• ~ a 14.2, P < .00 1), 

Ahhou&h sevtn data points ror sced·catinlJ euthc· 

rians arc: a.vaililble. they span only a smal\ 1-a.ngc or 
body manes, and there i~ no significant allometric rc• 

lationship among these: points (P > .2S). Field meta• 

bolic r.JlC:S of granivoroU~ CUtheri:ms fill\ among 'h01C 

or similar-sized eutheria ns h;:wing other diets (fig. JB), 

su&ges.tinR th:ll no mnjor differ~nte c::dsts in FMR. 

Habitar 

Oim;ne and habiUlt type .nrc known to alfecl the 

DMR or mamm:tls and birds (Hu\ben ad 0:\wson 

1974, Mt'Nilb 1978b. 1979, We:~lhers 1979, 1980, 
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·. 

Flo,l. Allomtlly of field m:ubo\ie rate •mona (A) cutbcrian mammals. (B) manupW 1Mmmals, ud {C') bWs. Seal 

numbers. whicb •~ olfsct In sornc ca~ :o improve mdabiUty, comspond to the spccitt nwnbcts iA Table 1. b (D), die 

~ion lines for culbcri:ua, mmupiAis,and binu an: com~Cid wi\h each olhc;- and with th:lt for iJu,:uUdl.iza.rd.J Oacy•• 

-o.65o + o. 799tos :r. Naa)' 1982}. 
· · 

Dawson 1984). In panieular, dc:sen-dwr:lting cndo

lhcrms oncn have lower BMRs than predicted from 

allometric cqu:uio"s. and seabirds tc:nd to h:1vc hish 

DMRs (Ellis 1984). 
Eutherians living in destn habitats b:avc: FMRs that 

an: 30% lower than nondesc:n cuthc:rians (Fis. 4A}. The 

slopes of the reuessions do not differ sis.nifit:lmly 

(F1, ., • 0.24, P > . .SO) but the in,c:r«pts, n:c:~tc:ulatcd 

us in& the common slope, do differ (F1, 4) - 7.81, P < 

.on. The n-grcssion equation ror dC$1:rt culhcri~s is: 

logy • 0.507 + 0.786 log X. (ll) 

-

with ,.: • 0. 963. The eqll1tion for nond~rt cuthcrwu 

is: 
tos y • 0.663 + 0.785 los ."t. (13) 

witb r - o.96J. 
Simil:uly, desc11 birds hor.ve FMRs \Jm are lC$S thaD 

hair those in nonde!crl birds (Fia. 48). The slopes of 

1hcs.e ~sions do nol differ (F1 ... • 3.46, .l 0 > P > 

.0~) taltbou&h \he difference is ciCY.oC 10 sutisliQJ si&

nifi~ce), but the intercepts :1re siuni6c:mlly diffemtl 

(F,, ., .. 46.8, P < .00 1). The rqrwiou cqwalion for 

dcsen birds is: 

e 
.ca~ 
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A EUTH(RIAN MAMMALS 
•RODENTS: 

lo91 •t022+0.~07109.r 
AALL OTHERS: 

B. MARSUPIAL MAMMALS 
loq I' 1.072 + 0.~761oq ~ 

•DASYUAIOS 

C. BIROS 
•PASSERINES: 

IOq )i. 0.949+ 0,7-19109, 
&ALL OTtiERS: AALL OTHERS 

loq ,. 0.239 + 0.6851o9 ",.• 

. ,,-
;r 

,:tY.' 
fl' 

, .. " 

.· 
~~.A 

• a·" 

• . 
l09y •0.6EI+ 0.7491Q9.r 

(g) 

. FKJ. ~ • llllomcuy or FMR :amon1 wonomic: substoups: (A) rodenll differ from o\hcr cutbt:riSDs, (ll} duyurim cSo not 

di;Ttr mpufianlly (ANCOVA) rmm other ma!'upials, but (C) pu~nc: birds differ rrom other birds. Tbc rcpc:ssion line fer 

ro~ll CAl wu 1:.\U:nded beyond the dat.a 10 Improve cl:riw. 

log)' • 0.703 + 0.660 log ,"C, (14) 

lllilh r • 0.9SJ. The equation for nondesen birds is: 

los y • 1.052 + 0.660 los x. ( 1 S) 

r"'''··ilh r • 0.953. The FMR regrcuion ror desen birds 

!~asisni!c=unly lowers1or-e(F1,:n• 4.80, p .. <.OS) 

UwJ that for dcsen culherinns, but the lWU ft81CUiOn 

~emu :ll a body mass or :::35 s. McNab (1986) 

~ tbat tbc low BMRs o rsmnll desert eulhcria.ns 

~bcacon.sequenceofclictrnlhcnhlm habii:IL There 

lilt too few FMR measurements presently nvnilab1e 10 

evaluate the relative imporuances of diet IUid habilat 

eondale! oCFMR sa ling in cutherinns or birds. Field 

~ ofin(llvidunl species. rspecially a spedcs that 

has a 1Ca$0ntlly changing diet. could tC$1 this hypoth· 

esb dhT.ctly. 
'The lllom1:try of FMR in sen birds differs from thnt 

crDmue:::lbirds (Fig. 4C). Seabirds show a higher slope 

u .... - 12.6, p < .001). The n:srcssion eqUBtion ror 
l:abin!sis: 

JOg.)l•0.904 +0.704togx, (16) 

llilh rl• 0.911. The equation for nonse:~birds is: 

logy • t.J:!S + 0.440 log .x, {17) 

ttith r • 0.709. The FMR slope for SC3binb (0.704) 

~DOl differ signific=mtlY (P > .40) rrom the seabird 

ITJf\ slnpe (0. 721. Ellis 1984). 

s~ason 

m..~ 'PCQC$ of cndothc:nns have FMRs that differ 

--, fitlm seuon to sea5on, but other 1pec:ics ap· 

~, ~y have relatively constant FMils throul\h time 

, . 1). For a.ornplc, !.he pocket aophcr Thomomys 

bouae had a maximum, ma.sHom:ctcd 1-"'MR (during 

spring) that was only 8% higher chan hs minimum 

FMR, whic:h occ:umd in winter (spring FMR • 12.9 

kJ·s-o )O'·d-•. winler FMR • ll.91c.J ·z-o.to'l,d-1, cor· 

reeled for body mnss differences on lhe b3sis of Eq. 4 

for rodents). Simil:ltly, the dese11-dweUiq panridzcs 

Ammopmlix heyl nnd Aim oris t:lrukar. bAd m!Wmum 

FMR.s only 16 and 19% higher \han minimum FMRs, 

respectively (rna" corrections bll.$ed on Eq. 14 for des· 

crt birds), while the dcKI1 jac:kr:lbbit Lrpus californlcus 

had 1\ 20% higher FMR in spring c:omp:ucd to wuner 

(mMS-(OtTCCtcd using Eq. 12). On \he other hAnd, malL· 

imum FMR (~prinS) was :Z83'MI higher t1um \be mini· 

mum (summer) in the deset'l rodent Dipodomys mi· 

crops ond lOS% higher in spring tht~n in summer for 

the: dcsel1 rodent Ptrognathtuformosus (mus com:c· 

tions ~d on Eq. 4). Seasonal variation ln FMR hilS 

not been measured in enough 'pcc:ies of endolhcnns 

Dl present to pennlt allomc1ric analyses to be done by 

5Cti0n, ScllSonal chanses in FMR bo.ve been measured 

in only one: species. of m:tnupilll (Anttchimu SWGin· 

sonii), where h.'lctncina remalcs h:ld a mean FMR 7!1flb 

srea1er than they did durin& the prectdina malins pe

riod. Seasonal DLW measurements h:~.vc been done on 

only two species of birds (Ammoptrdix heyland AI«· 

loris clmkar. Table 1). Birds pruc:nt a problem in·tbis 

regard, bc=use ma.ny species are rt:dlly COlptur.sblc 

only during the breeding se:~son. As a re'ult of this. the 

FMR d;un nnd allometric rqrcs~ions reported herein 

for birds are bi:~sed stronzly towDrd the breed ins season 

(~c Table l). 

Food rtquirtmtnls 

The rate or food consumption an animal mus' achieve 

to provide the energy it uSCt in oxidnlivc mett~bolism 
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• •tEROr\IORES: 

IO:jJ' I 0,774 't Q, fi!7 IOQ I 

.a NCN~£nBIVOR£S: 
IOQ I' I 0 ~IZ + 0.86214q .I • 

• . , 

KENNETH A. NAGY 

e. EUTHERIAtl MAMMALS 
loq y • 0.525 + 0.813 IO'J A 

• GRANIVO.A£5 

41.ALL OTHERS 

BODY MASS (g) 

c. MARSUPIAL MMI'O\Mj~~ 
•H£RBIVORES1 

toqy a0.804 +06.tl41oq.t 
ANONHER51VORES . 

IOQJ' I 0.97tl +0 64t111lq A .' 

Fro. 3. Allometry of FMR :~mon1 dietary subgroup~ (A) hcrbivorom euthcri:m~ diiTtr from nonherbivorou.s eutbcriaas,: 

!D) S«d·~rina cuthc:n:~ns do not differ from other cutbmans. :md (C) htrbivorous nunupi.als b..\ve lo~r FMR.s ~ 

nonhcrbi\•orou1 marsupials. 
..~ 

c3n be c.1lcu1lltcd by di\·idins its FMR. in units or 

kilojoulc:s per diiy, by the mel:~boliz:~blc: (use;:~blc:) en

ergy in hs rood, in units orkilojouh:s per &r.~m of food. 

Thus, the fl\.!R dab in Tnble I c:m be used lo gener.uc 

regressions for steady·sl:lle feeding r.ucs that rree-Uv· 
ins m:1mmals :md birds must achieve over MY con
sidcr.lble period of time. 

MctnboliZ:Jblc energy (ME) in a diet is \he to&.'ll (Srou) 

cnersy in 3 unit or food con.sumcd minus the cnClJY 
lost 015 feces and urine rc!!ulling from that unil of food. 

Mc:caboli:z:~blc cncrsy effidcnr:y (the SOitio MEitob1 en· 

ern)'. or 1hc fr:~ction of cross energy th:u is mctaboliz-

A £.UTHirRtAN MAMMALS 
•DESERT: 

B. BIRDS 
•DESERT: 

... , . . - .•. 
. t"'. 

:lblc:) is rtl:uivcly consl:lnt :~mona different species ot 
mamm:als ilnd birds that arc either amivorous, msc:i;:.· 
tivorous or ~nivorous (Humc 1982. Pet.c:rs 19S3:r· 
Robbins 1983).1n hcJbivorous mamm11ls, mc:Uibolii;f:' 

i.'lblc energy efficiency for cdl wall c:omponcnlS 'iii~!. 
CTC3Ses with incrcnsina body mass, because food fc:t.i .. 
mcnts for longer sxriods in laJ~er bc:tbivorcs ~ 
1978, vpn Hoven and Boomkcr 198S). Howcver.sma)J .·~ 

herbivores sencr:tlly 5-elect younger and more tenc!cr. 
Vqtt:llion thllt tDnlainS rch1\iYCly lOW amounts ar ccJi 
w.r.ll materi::~ls, so aetual mc:Uibolizablc energy cfficicn~ 

cy tends to be independent of body ma.u (Parra 1978). 

C. BIRDS 
•SEABIRDS: 

1091 • 0.507 + 0.786 roc;' 
A~<lNil£.5E~J 

IQ9 Y I 0.£6l + 0.786~oq I 1'J 
lCM]f' 0.70~+ 0.600 lc.q I 

i\NONOES£Rf; 
IOQ ~ I 0.904 + 0. 7Q410CJ I 

AtiON:iEABIRDS: 

. · ~ 
~#'A~ 

.~/·· 
!J~ ,. 

# • 

r 
I 

lei))' •1.05'.,. 0.660 loq ~ ICM])' •1.3Z5 + 0,4401oq .rt 

~ IQOL~~~~---~----~--~~~~--~~~~~.--~.~~~---~~0--~1
--~.~~~.--~.~~,~0~ 

10.. to 1o· to· 10~ 10 10 10~ to· to~ • 

BODY MASS (g) 

Fro. 4. Allom•:ll)' or FMR. ;amon1 b:abital \llbuou~ (A} di:$Cn cuthcrians have lollic:t FMRs lh:an aondesm cuthcriut. 

tB) di:$Crt birds h;ave lo.,..·rr FMRs lh;m nondC$Cn birds. md (C) "~Cabirds dift'cr rrom noMa birds.. 

. 
~ 
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Ll 3. Summat)· of ;llomc:tric tqU4tions for lield mcubolic Dtd a.nd (etdiD&I'lltts of l'rtc·Urina IIWI'InniS. binb, ~d 

'--{f:wds. The eq~tions hAve the ronn 1• ax" where: y Is FMR (in k.J/d) or feedio& (dry matter lnJCSUOD) 1'2te (ln Ud) and 

:c lJ body rnau (in &). 

uruu of Unitt or 95,., o o! pndh:ted J, 

Circup y a X b u 111o or prroiacd ~ Eqwnion 

Eutbcrian rnllmmals 

All eutheriAns kJ/d 3.3, I 0.813 -)B to +1l8ttl! 18 

&fd O.lJS I 0.821 -63 to +169'!11 19 

Rod:nlS !r,J/d 10.S I 0.507 -S2to +tt~ 20 

lid 0.621 I 0.56-1 -64 'CO+ l761!1t 21 

Hcrllivom kJ/d 5.95 I 0.717 -61 UJ +161~ l:Z 

Bfd 0.~71 ! 0.727 -62 to+ 161~ 23 

Desai .:utb~ri:.ns kJ/d J.ll ' 0.786 -59 to+ l•UI!tl :!4 

&fd O.ISO I 0.8'14 -n to +108'111 25 

Manupi;ll m:.mm•ls 

All mmupials kJ/d 11.8 I 0.576 --41 to +72~ 26 

lid 0.492 ' 0.673 -37 to •'911& 27 

Htfbi von::s kJ/d G.J6 8 0.644 - 40 to + t-7'111 28 

lid 0.321 I 0.676 -46 10 -tf,4llfl 29 

Birds 

All birds k.Jfd lo.9 I 0.640 -57 lO +-1.3511. 30 

,,d 0.648 ' 0.651 -55 to + l24fJb 31 

PuJCriiiCS kJ/d 8.88 I 0.749 -S3 IO +'I\ 11!11 31 

aid 0.398 I 0.850 -31 to •·U" 33 

Dc:$.."n birds Uld .$.0~ I 0.660 -4'110 +9J'Ib 34 

Bid 1.11 B 0.445 -49 ao +9S'lb 35 

~binls kJ/d 8.01 I 0.704 -53 lO + 113'MI J6 

lfd 0.495 I 0.7G4 -61 (0 +l$9111.1 J1 

fJUllnid tiz.mlst 

/'r"""u i;r.wtids k1/d 0.22.t A 0.799 -32 10 +<46'MI 38 

'~: 
&/d 0.019 ' 0.841 -59 "' + 1<461111 39 

aid 0.013 a 0.773 -JOtc +431111 .co 

• CI.Jculaltd It man X for \h~ rqrwiOD (ICC ICS\ ror detAils), 
. :t.Ro:alcul.ai.Cd fnlm Nau {1982) • 
........ 

·A-1.:·-.t: 
B)'eombtnins avcr.~gc vnlues for met:lboti:z.nble encfBY 

dEc:ie:ncy for mnmmals and birds e3tin~ v:r.rious diets 

(Hume 1982, Peters 1983, Robbins 1983) with typiC3l 

llO!S etlefiY contents ofthosc diets (GoUey 1961, Rob· 

bUu 1983), I alculated the roUowing me:an metabo· 

llublt encrJ)' am tents (in units oOdlcjoules or meta· 
boU:cabte encfBY per grom or dry rna ncr): in~ts, l8.7 

Uta tor mnmm:lJ~ and I 8.0 k.J/g for birds: fish, 18.7 

'kJla for mamm."'ls and 16.2 k.Jig for birds (all c:ami· 

\'Ofa listed in Table l c:r.t primnrily fish or marine 

invmebrotes); vegetation, 10.3 kJfg for mammals; 

seeds. 18.4 kJ/,s for cutherians; nnd nl:i:ar, 20.6 kJ/g 

for hummingbirds. I estima1~d an intermediate value 

or 14 k.ll& for omnivorous momrnnls and omnivorous 

lnd 6-u&ivorous birds. Feeding r.ucs were alcuhucd 

IZSina thnc volues nnd FMR values for ench cohort 

Utted In Tnblc 1. and nltomctric relationships for field 

fcod requirements or I he vnrious sroups of m:unm:als 

llld birds were c<~lculnted via le3St•SQIJarcs 1incnr 

ft&n::.slon or the lo&·U"ilnsrormcd do!:J, In addition, 

aUo~nc:lric relationships for fec:din& rates of herbivo· 

I'Oas and lnl«tivorous isuanids were rec:nJcu!aled (a.s 

~e. &em datl in Nal)' l 982). F~din.s r:uc re&reS· 

-..a &.lld assoclalcd statistics an: shown in Tobles 2 
-s3. 

Prediclillg F.MR anJ food requirtmtlll 

The nllomeuic: c:qua.1ions describing BMR in ver· 

tcbrates hn'lo·e been very valuable to biologists. Those 

equations c:1n be used to predict the BMR or animals 

from knowledge ar body mnss alone, or they can be 

used, for (Xampk, to evaluate the limits and con· 

:Slr"ilints on body size or the inlcrdcpendcntc or phys· 

iotogicalnnd morphologit:~l propenicsoh.nimals, and 

they establish !he "st:lndard," ogainn which unusW11 

species or groups or animals m<t)' becom~rcd to n:veill 

adapt:uions (Cllder l984,Scbmidt·Nielsc:n l9S4). The 

ollomc:uic rchnionships for FMR and fcedina rote above 

(:ll.n serve similar applic:uions, in rcp1d to the ac:1ual 

perfonnance of wild ani mats living in thi:ir no aural 
habit~us. The e~poncntial fonns of these equations OU"C 

the easiest to use on a day-tood<ly b:utis. so these fonns 

ar~ summarized in Table 3. 
In many applic::nions, it is imponant to have some 

cs\imntc ofthe varia!ion ll.round a FMR or reeding rate: 

value predicted for a &ivc:n body ma.ss via lhesc: equu.~ 

tions. Two m~ures of the variatiolt around n:,gn:S!ion 

lines D.rc: availabtc. One is 1hc 95% confidence inu:rvAI 

or lhe re;rc:ssion (cbshc:d line$ in Fi&o 5). whith is =•· 
c:ul:ned rrom, and applies only to, the d.:lu SC:\ \l$Cd in 

·. 

.. 

" -<~~· 

.3 



. 
' . 

.. ,... 
124 KENNETH A. NAGY 

..... ... 
0 

~ 

106~--~----------~--~----~
 

MARSUPIAl. MAMMAl.S 

• FIEL.D: loq 1 • 1.072 • 0.~76 IOQ • 

10' o STANDARD: 111111 • 0.092 + 0,"1:)7 IOQ • 
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10° 101 102 10' 10• lO' 

BODY MASS (g) 

f10, S. Corop&ri.so.D of lhc: $C3lin& of FMR (•, -) 

and sundud mtt•bolic ra1r: tSMR, open cirdes, -), alon1 

wilh lhc 'J ~'MI confidence Umi\s of the rqreuions (-- -) and 

lhc 9S'lll confidcn~ limits cflhc Jlrtdictions (•·· • •). Tbc dot• 

ted Uncs ~pply 10 predictions ofaew y va.lues :at pvco ;c vlllur:s. 

the rq.ression hself. In !Omc e:1rlicr publications, t!li$ 

m~sure has erroneo~nly been used to estimate coon• 

dcnce intet'\'ah of prtdicttd values. The other is the 

9S% a of the prtdicdon (do ned line$ in Fig. S), which 

incorpor.nes the :1drutional uncertainty cllp«ltd in new 

®1:1 poin'.s. and hence yields much 'oloidcr confidence 

intcl'V31S (Fig. S). The 9.S% Cl or the prediction [s \he 

approprintc mc:15Ure a( variation lO U5C when prediCt· 

ins new FMR or fetdins rate values (Dunn and O:a.rlc 

1974). The confidence intetvnls or tJ'c pttdittion c:x

pand IOW3rd the end3 of the regTC!SlOD tine (FiS. ~) 

because or inc:re:uing uncertainty with increasing dis· 

mncc from the mean loa :x value. For thi=. and other 

rc;J.SOns, it i' risky 10 ex~r.~pol:nc these allometric equa· 

lions be)'ond their cmpiricullimhs.ln order to provide 

•tn idea or the confidence in predicted FMR or feeding 

nuc values. t alcula.tcd the 9.S'lb Cl for each cqu:uion 

;u mean los .t (where 9S'K: C1S arc smnlle5t}, took the 

antilog, and cxpr'r$~ the conf1dcnce limhs as percents 

of predicted y (T:able 3). The upper confidence limit is 

f:~rthcr from pn:dictcd y than is the lower confidence 

limit after antilog lrnnsfonnation. for most equations, 

the lower confidence limit is .S0-()0% below "Kdictc:d 

y. a.nd I be upper limil is between l 00 :md 170% &K:uer 

than predicted y. 
The FMR equations in Table 3 shoutd yield pre:· 

dieted FMRJ and 95% as \hat rcnec:t the variability 

that actually occ;urs in du: field. The dnt:l used to derive 

1hcse rcsn:uions iDdude variation due to Wlllt:n:~l!fl~ 

in :l&e. season, habiun, microclimate, • .,n .. ., .. ~ .. 

(T:~tle 1). My intc:nl was to sencr:.uc the most 

widely npplit:lblc models of FMR possible with aYllJ·t.;.'!''Y 

Dblc met~l~Urcmcnts. The eQUllUDnS for birds lli'C 

~UctCSSfU\ in thiS l"qard, because moSt UU;OI~Utn;;Qletlllt;:.:\ 

for birds were made durinc lbc brttdin& ~oo (whtnh. 

binb, c5peci:~Uy sabitds, can 2x to~pturcd and rtc\p. • 

tllfed reliably). j' · 
Predicted fiXdins rates are those required to • 

encr&etic ~te::.dy-sute, ::snd do not include the ·• : 

tioru1l food energy alloc:ued to pNduction (inCl'CUC 

biomus). The cxu:a mcUibolh: beat produced dlie- .: 

the added metabolic c05ts ofsrowth and rq,roductfcQ~ 

:1rc :~lrendy incorpor:1ted to some extent, bee:~ use na.D·i 
of ll1~ FMR m=su~mcn~ in Table 1 were m~ ~1 

growlnB or rc\)roduans ammals. However, the chtai:'t. 

ical potential tnCI'JY from the food that appean u at:W \· 
biomus is notnctountcd for in feedine Dtes estialatC.f'' 
from FMR ILtonc. Food c.oru.umption predicted ~· 

FMR, and Qlculattd on a dnily basis, ~ould bed~ 

10 ac\~ f«din& 11.\~ in ~dult mammals for mosi~: 

the yur. bec;tusc: nonbn:cdin& adults us\Wiy do nat; 
srow much. and :m! ml\lnwnins cnc:rgy budaets nta1% 

stead)'·5tlltc cnndilions. For aDimals lhat bccomrle b~~ 

pcrpbasJc while underaoing ilrehibemation or p · ·, 

sratory f;ntcnins. feeding rates predicted f'tcm . . ,-: 

will be undc:rc:stimatts during the raucnina period, or. 1.:. 

th~y will be overestimates durin& t~e bibernati~~:. 

misnuion periods, when fccdina i$ reduced. Such~· 

dictions, ifsummcd over the entire cycle ofi&Umiril 

and fast.ins. should be dose to the actu.al, in~t&l~ 

fr:cding rate over the en~ pc:riod. provided thAt~~ 

animal ends up with a body mw and chemical~~ 

po5ition close to those it bad at the besinnina ofUic·. 

rauenins period. 
lfnnnuul food cDnsumption by a population is pre; 

die1cd from the cqliauons in Table 3, food iqcs~· 

will be undaestima.IN by lhat nmount or (ooc! aP::·· 

petrins as new biomass (•production, the sum otrC: 
production and of sroWlh or adults). This error should 

be <5% because endothcrrns in ,&cnc~ channel oDJy 

0.5-3CJ& or the energy they in&esl into productioll Oil 

An annual b:ais (McNciU and L:lwton l970, Turner 

1970, Humphreys l979). However, on 11 daily bull, 

individuallacutin& female cuchcriMs. or adult birds 

reeding \3rsc nutlinas. may consume muth more food 

cncrsy lhlln lhey lhcrn$Cives mcl!lbotizc. 5o d.lily reed

in& rates prcdiCICd from FMR. c:3n be much too low in 

\hr.se situ:ltions. 
To illunr.nc the: predictive: capabililics of these cqua· 

tions, :LSSUme we wi5h to estimate the cbUy and :umual 

COSts of lhins. ~ well a$ the food requiremcOU, Of 

~poncd skunks (Spitogalt puron'llS), lor an individual 

animal and on 11 population basis. Auume males wci&Ja 

900 a and females aver:~sc: SOO s. :1nd there are l!u= 

painlha orhabiuu. From Eq. 18,prcdickd FMR. ora 

male is 845 kJ/d, :md for lbc female, S24 kJid. AnnUli 
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1• ·· • would be 308 MJ/yr (84 5 \cj/d • 365 d/yr), for the 

! ~. and 191 MJ/yr for the femnle. Energy respired 

by the population would be 1497 MJ·ba' 1•yr· 1 ((3· 

308 MJ/yr) + (3 ·191 MJ/yr)). From Eq. l ~. prr1Sicted 

food {dry maucr} requirements nrc 63 &fd for the male, 

and 39 afd for the female. Annu:~l food rcquirc:mcnu 

for mainten:mcc would be 23 k&lyr for the male. 14 

qtyr!orthe fcm3Jc,and Ill ka·ha" 1•yr·• fonlu: pop· 

uhtion. The$C e1timntes of annll411 food consumption 

should be intn:.lsed by 1-3% to :ltt:ount for the ;addi· 

lienal food chcmi~lt ;~ppe:arin& in biomass of weaned 

oft'Jprin& and incr~ased bioman or srowins ;adults. 

A more accurate prediction of food n:quircmcms to~n 

be made by incorpor.tting mc:asurcmcnts of diet and 

metnboliznblccncr&)'cfficicncy spcdllcally for Spiloga

/1! putariw. For c.umple. if one knows th:at the diet is 

90% animnl matter and 10% vqetuion, 3lld th:n the 

dry llllli\C:r in this diet conulins 20.0 kJ/g. or wbith 

16.0 kJ/s is mcu.bolizable, then feeding rates c:an be 

Qlculated dirttlly from predicted FMRs by dividing 

FMR by 16.0 kJig. F~ins r01tcs c~timatcd this w:1y 

(dry mntv:r) :U"C Sl sfd for a male c.nd 33 &ld ror a 

rcmale. == 1 Sl!b lower th:Ln the feeding r.ncs predicted 

wins Eq. 19 "''hich a~sumcs n more c:~tholic diet. 

Condu.sioru 

,,, .. ,1) Field metabolic rotcs are clostly corrclnted with 

' body m:1n (r values for log,o-log,ll rcgn:uioo~ 

~· arc 0.91 'o 0.97) in cutherinn mammab. mar· 

supial mammals, IUld birds. 
2} FMR SQJes difl"crcntly from BMR in cuthcrians 

: Dnd mmupials, but not in birds. 
3) FMRs of medium-sized (240 to .SSO g)cutht:ri:1115, 

mnnupia!s. and birds are similar, indieottins Ch:u 

the cnersclic cost of livina for a dny in tbe field 
iJ abol!t the wne for medium-sized cndothcrms. 

nu, cost is A: 17 times arcater thnn that paid by 
. • simiW'·siz.ed c:c1otbenn (diumnllintd). 

4 FMJt SQJcs ditrcrcntly :a mona rodents (com· 
pared wit.h other eutherians), among pass.erine 

birds (compared with other birdJ), and among 
herbivorous cuthcri:ms :tnd m:trsupinls (com· 

~~d with nonherbivorous eUlheri:ms and mar· 
supials, respectively). Desert eulherinns ilnd birds 

have relatively low FMRs, <tnd FMR sc:ll~ dif· 

• ferenLly in seubirds than in other birds. 
5) Within different species, season:al chiU'Iges i.n FMR 

may be small ness than 1~ in pocket gophers) 

or lar&e (nwly four-fold in some k:m~roo r01ts). 

6) Equ:~.lioas ~ ;ivcn for pm!h:tinr, FMRs :md food 
n:quiremenu of free-living mammals, birds, and 

llunis. 

Q.usrion.sfor futurt r~scarch 

1) Do huic ~msuiaJ euthcrians <~nd birds have 

FMR.s as hiah as laJ~e mnrinc euthcri:lns :~nd 
birds? 

2) Do dcsen manupi:lls have relatively low FMRs, 

as do dcS(':I1 eulherians and birds? 
3) Do ~IS. whic:h accouot for a )JU1e IJ')rtion of \he 

world's spedcs ofsmnll cutherinns, lypi~lly have 

FMRs as low as lh:ll of .\facrotw (T01blc 1)? 

4) Whnl :r.n: Lbe ecologic:ll lmes oflhc obs.erv:uions 

(a) tl13t mtdium-sizc:d culhcri:ms, mmupials, and 

birds nil have similar FMRs but quite differtnl 

BMRs, (b) th:.t large: herb\ vorous cuthcrinns (dt1:r) 

have much hi&ltc:r FMRs than do l:~rge herbiv· 

orous marsupials (kansaroos), nnd {c) that small 
euthc:rinns have much lower FMJts than do small 

marsupi11ls? Do these differences ha\'c physiolo&· 

it'!l\ expl:m:tlionl as wdl? 
S) How do habilDI and diet ~::IJ'ct'ts on FMR inter.lct 

with each olher, and what art their physiologic:a\ 

:mc1 bch:avioral b;ucs? 
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