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The stoichiometry of animal energetics
S.A.L. M. KOOHMAN
Dept Theorctical Biology, Veije Uneversite, de Boclelaan 1087, 1081 HV Amsterdam

Abhstract

Models for energy uptake and wse by animals implicitly specify all mass transfor-
mations, given homeostasis assimptions. This is hecanse mass flitxes can be written
as woighted sums of energy (luxes. This paper presents mass iransformations on
the basis of the Dyiamie Fnergy Budget model. A theorctical foundation is given
for indirect ealorimetey, i.e. empirical rules for heat dissipation in terms of oxygen
consumption. carbon dioxide production and nitrogen autflux. ‘The foundation im-
plies a methad to obtain the chemical potentials of structnral bioniass and reserves,
Conditions on the composition of structura) biomass, reserves and nitrogen wastes
are dorived 1l ensure a constant respiration quotient. The specific dynamic action
Lurns oul to be a simpie fnnetion of the parameters of the energy budget model. A
siimple model for drinking is presented that takes into account all mass transforma-

tions. as implicitly specified by the energy budget madek,

INTRODUCTION

The formmilation of models for mass uptake and use by animals are bound to suffer from the
huge amount of diflerent compounds relevant to physiological processes, such as feeding,
“growth, and reproduction. These complexities may be circumvented to some extent by
focussing on energy fuxes vather than mass fTuxes. For many problems, however, mass
transforimations are of interest. divectly or indirectly, that is. as a means ol measuring
enerpy fluxes. In this paper Twill avgue that the coneept of homeostasis implicitly specifies
mass Mhixes onee riles are established for energy fluxes. I other words, snch sets ol rules do
not allow sapplementary assimptions on mass fluxes. such as respiration, without creating
inconsistensios. 1 oawill illnstrate this by means of a particular model for energy fluxes,
the Dyvnamic Fnergy Budget (DEB) model, which specifies uptake and use of energy for
maintenance, growt h. development and reproduction in animals that Trave three lile stages:
embryo, juvenile and adult. These rules also specity. implicitly, mass flnxes snch as the use
of oxygen and the production of carbon dioxide.

The prurpose of this paper is to evaluate mass flnxes and the consequences of cnergy
flux specilication for respiration quoticuts, specilic dynamic action, indirect calorimetry
and drinking rates. For the latter purpose. we first. assume that water, just like oxygen
and earbon dioxide. can [reely be taken np or exereted; later we specily these processes in
wore detail. Althongh the specification of energy fhuxes (known as ‘powers’ in physics), 1s
specific for the DER model, the coupling between energy and mass fluxes holds for a broad
class of models. Sinee it is not an casy task to delineate this class ol models concisely, the
DEB model here just serves as an example.

The animal phis the relevant chemieal componds in the environment will constitute
our thermodvnmmnic sestenn. so that the system onlyv exelianges heat with its environment.
We will consider o set of conpled irreversible reactions and assume that the temperature
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aned pressure is constant. Since the argnments rest heaviiy on the coneept. of homeostasis,

that is where the line of reasoning begins.

HOMEOSTASIS

The term homeostasis”is nsed 1o indicate the ability of most organisms to keep the chemi-
cal composition of theiv hody constant. despite changes in the chemical composition of the
environment, including their lood. T will here use this term in a rather strict sense, but
only apply it to the elemental composttion of two components of the animal; stroctural
biomass and reserves. These components may diller 0 elemental composition, but the
compositions are here taken to be constant, which is obvionsly an idealisation.

The micrabiological tradition (see cg. Roels, 1983, Nielsen and Villadsen, 1994) will
be followed to combine all componnds in an “organic’ component into a single abstract
‘moleenle’ only acconnting lor the frequencies of the elements relative Lo carbon, These
‘molecules” can be counted. corresponding with the number of Coatoms, and we reler to
these nmbers as Comnoles.

Note that the partitioning of the animal into components allows for particular deviations
fromy homeostasis for the animal as a whole when the relative sizes of the components can
vary, \When the monber of components ts equal Lo or Targer than the nuinber of elements to
he followed, it is in principle possible to describe any change in composition. Food related
changes in whole animal compositions conld be deseribed vealistically for microorganisims
on the hasis of the two components structural hiomass and reserves, See Kooijinan (1993)
[or tests with experimental data on bacteria and veasts.

The DEB model exploits an even stronger homncostasis assumption: the composition
of the entire juvenile hody does not change when food density does not change. This
transtates into constraints on reserve dynames. The embryonie body composition does
change hecanse reserves decrease during incubation and the adualt female body composttion
does chiange hecause of reserves which accumulate prior to reproduction events. The foetal
mode of combrvo development is not considered e this paper hecanse the combination of
tother plus foetas has to bhe considered, see Nooipman (1993) for a description of the
kinetics,

Size measures {or the total bhody, such as wet weights, dry weights, total carbon, vol-
mmes or lengtl measores: comprse both components of the hody. One reason to assume
homeostasis is that deviations from homeostasis direetly alfect size measures in a rather
problematic wav, This is important in relation to rules for energy uptake and use that in-
volve size measures as well as tests of theoretical predictions against experimental data. A
deeper reason to assime homeostasis 15 to avord nconsistencies in rales for energy uptake
and use. o the pEp model growth is assumed fo cost a certain fixed amount of energy per
nnit of structural hiovolme and a unit of reserves is assumed Lo represent a certain lixed
amount of energy. When homeostasis woudd not applyv. the logie of such assumptions will

he hard to anderpin. Many energy badget models wall have similar assumptions.



POWERS

The term energy” stands for the capacity to do work, hut the more precise thermodynamic
definition for living svstems still awaits further clavification. The cliemical potentials (Gibbs
free energies) of all compounds are liere taken to be constant (i.e. independent of the
concentrations of the componnds), which means that the concentrations of the ‘minerals’,
have 1o be low for this approximation to hold. Oue probiem of the chemical potential
of compounds in living cells. is that the cell is highly compartimentalized, which results
in a small mnnber of molecnies per compartment. (A bacterinm with a volume of 0.25
g and pH 7 has onlv 15 [ree protons. for nstance; cell compartments have similar
volimes.)  Moreover, many reactions reqnive involvement of membrane-bound enzymes,
which comiplicates the notion of *concentration”. A third source of problems is cells’ solution
to the problem that the chemical potential depends on concentration: polymerization; this
also solves their osmotic problems. Reserves, such as carbohydrates, lipids, proteins, are
polymers. while the concentration of monomers is usually Tow.

The pEB model describes the fate of energy derived from food npon arrival in the
animal, that is when crossing the pnt membrane (or onter membrane, in case of ciliates,
for instance). The argnments will bhe illustrated for isomorplis, 1.e. animals that do not
change shape during growth. The surface area of isomorphs is proportional to 2, where
the state variable “scaled length™ 1 is defined as { = (V/V,0)' where V' is the structural
biovolume and 1, 15 the maximum structural biovolume, which is ultimately reached at
abundant food availability, The second state variable of the animal is the ‘scaled energy
reserve density’ o, defined as ¢ = [EF]/{L,.], where [F] denotes the reserve per unit of
structural hiovolume (in Gibbs free energy per volume) and {F,,] the maximum value of
[#] that can be reached in javentles and adndts alter prolonged exposure to abundant food.

The flows of food ald facees are conceived as mass nxes. lood being converted to faeces,
under extraction of assimilation energy with a lixed efliciency. Fhis makes ingestion and
defecation proportional to assimitation. when the process of digestion is ‘instantancous’.

The assimitation enerey s added 1o the reserves, Foergy is used from the reserves
at.a rate called the catabolic rate. which depends on the state of the animal. A fixed
fraction « of the catabolic power is spent on growth plus {somatie) maintenance, the rest
is spent on development pios reproduction. All types of work. such as feeding behavionr,
are ncluded in somatic maintenance. Podotherms spend energy Lo maintain a constant,
body temperature. This power also plays the role of a maintenance power. In the embryo
and juvenile. cnergy for development is used to maintain the achicved state of maturity and
to increase the state of matioity, e differentiation and installation of regilation systems,
ete. | assiime that this usage of encrgy does not allect the clemental composition of the
animal. The process of maturation is completed at a given size, 1,0 when the power that
increases the state of maturity is used for reproduction. Feeding is started upon exceeding
size b, al the switeh [romn the embrvo to the juvenile state. The various powers are derived
in Kooijman (1993} and tested against experimental data. Table 1 gives a summary and
assigns symbols to the various powers. For the present purpose it sulfices to appreciate
that the powers are functions of the states of the animal: other choices will do as well.

Tlte velationships hetween powers and mass (luxes can be elassified into three groups.
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Table 11 The powers as spocified by the nep model
for an isomorph of sealed <ize 1 oand sealed ro-

serve density 0 Their relationships are piven in

the diagram. where the rounded boxes ndicate (.109(;1) i! b ( faeces)
sources or sinks. Al powers cantribute a bit 1o T
dissipating heat, hot this is net indicated in order ; pom Ty
f 5 . ) . “ heat | storage !
to simplify the diagram. The catabolic power is - ‘ =
C=M+G A+, + 0 with AL = 4 M, 4+ A, My, N
Fctotherms do not heat, thevefore {, = 0. where iy o Y
) .'I' “'[-_9_,»"'" ‘f”, ‘V"Tls \"‘"-‘;'\m
{p denotes the sealed “heating lenpgth™. Parameters: e arm 4 fa
L, maximum structaral biovelnme, ¢ investmoent ('somatic® ("maturity \[volume | [maturity |
e . R L o - . . mamnt. . maint. ;|
ratio, th maintenance rate coefficient. [F,,] maxi- \ Ao s reprod
mum reserve densitv. 5 partitioning pavameter for l?!o.re.lge_
cataholic power, f sealed Tunetional response: o di- n.v =
mensionless function of food density, (_eggi/,
etbrvo Juvenile adult
_power < e -
[FalVirig 0 P hh< <t Ly <l <]
assintilation, .1 0 I*f Iy
catabolic, (7 (J2ia L] of?ita
, rty ety ttg
somabic maintenance, X, w!? wi? wi?
maturity maintenance, AL, {1 — w)f (1 — ) (1 — h)l;
endothermic heating. M, 0 witl,, wl?l),
somatic growth. €7, et (st =) e (g -
somatic growth, ; S 1 wi 9 i sl 9 I,
: Sty eTOWw ( — Vg RS Pt
maturity gm\\t'll. o (1 — )l P (1 — &)l 9 0
onrodiets { iRt 33
reproduction, f¢ J 0 (1 — w){l gy + 1 1)

First we have assimilation power,
I

Aowhich is tightly conpled to Tood intake.

Then we have

anabolic power (somatic growth (7., whicl s tightly coupled Lo the synthesis of structural

hiomass.

The thivd gronp of powers D comprises the dissipating powers, i.c. powers that

combine a reduction of reserves without anv tnerease in structural bhiomass. Reproduction

power §2 has a spectal status hecanse reserves of the adntt female are converted into reserves

of the embryo which have the same composition.

The efficiency of this conversion is denoted

by g, which means that (1 — ¢} /¢ s dissipating and ¢? returns to the reserve component.
The dissipating powers of the pEB model thus amount Lo 1 = Al +(:,,, +(1 —¢) . Part of
cach group of powers end ap as dissipating heat that leaves the thermodyviamic svstem of

anital plus relevant componnds.

on indirect calorimetry,

This process will e studied in more detail in the section



Table 2 Varions nitrogen wastes that animals vse (Withers, 1992).

A
g o
£ & =
nitrogen waste formula solubility ,E z = -r-g %
(s Al ELL B E
ammaonia NI H2.1 o o
atmm. bicarbonate NH O, 1.5 o
urea CO{NH, Y, 398
allantoin C O N 0.015 o
allantoie scid G HRO N slight
uric acid Cail O Ny 00015 )
sodinm urate 1, 04N (Na, .016 o o
potassinm urate Co1, 0N N, slight o o
guanine (150N, 0.0613 o o
xanthine Crll O,Ny 0.068 o o
hivpoxanthione CSI1L,0N, 0.021 0 o
arginine U0 Ny 3.1 o o

MASS TRANSFORMATIONS

Apart from the “organic’ components (food. facces, reserves, structural hiomass), ‘mineral’
components are 1o be distinguished: carbon dioxide, water, oxygen and nitrogen waste.
The latter mayv contain organic componnds, bt is nonetheless treated as ‘mineral’. The
cotnposition of nitrogen waste of enibryos is freguent Iy different front that of juveniles and
adults. beeanse is has 1o he stored in the egp. To prevent tosic eflects, an insoluble type

has to be sclected, Froqrent v nsed nitrogen wastes ave given in table 2,

For simplicity’s sake. water in the nitrogen waste {nrine) is included in its chemical
‘composition’, as ix done for methane in facees (which is relevant for mammals). Faeces
includes bile and enzvines that are exercted in the gut, since these excretions are tightly
coupled to the feeding process. Tn contrast to the static’ energy budget tradition, the
urine production (the nitrogen waste] 1s nof tightly coupled to the leeding process, because
maintenance processes contribute via protein turnover.

The derivations will he siven here for a constant chemical composition of food and
facces. starling from the macro-chemical reaction equation that describes all transforma-
tions in terms of C-moles. Sinee energetics hecome more complex in the sequence embryo,
juvenile, adult, we start with the embryo and thenintrodnee feeding and reproduction.
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EMBRYONIC MASS TRANSFORMATION

The macro-chemieal reaction cognuation stnmarizes atl chemical transforinations as

rese 1‘\'(\9. " Hi‘l‘ll(‘.|Ji()\'()|\lll'|(‘, v wateor,
0= Y ”,,”, T .\',,_W + v (‘””m ()” " ,,“\.“ o e O +
ONVRCen, o Celioxide, o N-waste, v
WY o O, +.)0n 0, A v Cu o, Ok N (1)

The syvinbols for the relevant componnds are here introduced, as well as the chemical indices
Nuew,s Where +; reflers to the elemeont and ¥ to the componnd. The reaction progresses
slowly and ireversiblv in time: each componnd appears or disappears al its own rate, set
by the state of the antmal, The stoichiometric cocfficients Y. ., are called yield coelflicients
in the microbiological iteratuve. where subseript m refers to the basis of C-moles. They
arce defined as ). e, = l,l/l.;, where the s ave the appearance (I’. > 0) or disappearance
{k < 0y rates. We have used onr freedom to multiply the nln('m—(']n’rn|('<‘1| reaction equation
by an arbitrary factor to define Y = — 1. The su()nd index of the Y0 "s refers to this
choice. which gives £y a special role among the s

The mass halance minst hold Tor cach time inerement. 1 cans most casely bhe written as

I o0 My ,,,‘}“f_']._‘ l l
0 20 npyy DV R B TR 7Y™ mYv g (2)
20 2 wnox Yo Hov o NoE md BB
0 4 0 nay ¥ N NNV NNE
or
. NN
Hl} [ I ” {) - ;Vl NN I l
: i " . .
mb g N U 2 0 "'}‘,‘,“\'T\_'\j My i md VI (3)
R R . -1 al . .
;.»‘)r)f - ~ 2 -ljj‘:j‘\" oy NHop m) IE
. {) {l 0 A Ny N
i NN
summarized as
\/.-\f = —lll]Y,r) {1)
with m = ey +ongs - Puov. I the nicrobiological literatnree the yield on substrate

is nsually defined to he 10t this choice is obvionsly problematic in the case of the
embryo, since it daes not Teed. The index £ in Yy, refers to the DEB model, which
spectfies the “organic” vield cocllicients. while the tineral’ vield cocfficients Yy {ollow
from the conservation law of mass. This will be obvions from the analysis of mass fluxes.

The mineral” hises (olow trom the “oreanic” fluxes, sinee

|
[

ky == ( R R S SN ) =Yy = —unb, Y, = —unkp (’
The rorganic™ fluxes follow [rom the specification of the energy hudget model

b
S ,l-', (G)

. [ ) g el I3
kI) = ‘ ) = ;1,,_.' )
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where jip = [F0]/[da ] is the chemical potential of the veserves ([F,,] is the maximum
reserve density i Gilby |)~. free encrgy per structural biovolume, [d'm,] converts \folumc to C-
moles). The expression for Jrpe Toblows from the notion that ("= D+, while .“r converls
the energy flax into a molar fux. The expression for by follows from the definition of the
energy investment ratio g = —[L', J—— where the parameter [(¢] stands {or the amount of free
energy that is reqgnired to synthe sm‘ o unit of structural biovolume, The conversion from
growth power to stractural hiomass flnxis therefore given by g [["-%” = L—L'J, where
(] converts striwetural hiovolnme into C-moles.
Biovolume vield is piven by
(] L — !

O T T {dwe) gt 1 (

-1

Note that mass fluxes can be written as weighted sums of powers, and that the yield
coeflicients are ratios of mass fluxes. This means that vield coetlicients cannot be written
as weighted sums of powers. In the microbiological tradition, where normalization on
substrate uptake is standard, the experimentist rather than the organism controls the
uptake rate (via chiemostal settings}, The flnx in the denominator of the yield is in that
case a constant rafher than a weighted sum of powers. Consequently, yield coeflicients ean
be written are weighted sums of powers (see e Kooijinan, 1993} which gives a focus on
yield coeflicients, rather than mass fluxes.

The Respiration Quotient {RQ) is of practical interest because it contains information
about the relative contribntions of protein. carbohydrates and lipids. Its explicit expression

is
I RVIV VA DU Ay S V0 (%)
T (l — H‘\'\',_“‘_‘\" ) m)-\'f'f
DD - L W W . —_— (())
PopotHL o HLL L MRML (gt fan o LN Y, '
1 2 Yoy | 2 b TR

The contribution of cnergetics to the RQ s thos via the module for growth, The respiration
quotient is in practice nsually taken to e a constant for a particular species. Within the
DERB model, the RQ is independent of the states of the animal (size [ [ and reserve densily

e) il the lollowing condition on the composition of 1701 Foand N holds
g PHE L MOE o RMNE N TS
! J LI L. S l BRI (10)
[ 4 Pl MO L HEINV gy g2y
{ 2  ETIRCEN ' TN
in which case
n N N
RPN PRI _ LA
. } . l ‘rn\‘-‘\ _ l ”‘\'N\\ (1])
md OO T e Donen e | g DAy Huv Bk
1 2 Ty { 2 1AnyN

The respiration rate (the oxygen consumption rafe as well as the carbon dioxide production
rate) is then proportional to the catabolic rate. This constraint. involves the composition

- — T e IV e M EE

T T AT T T T U SN R RV U T



of both structural hiontass and reserves. [0 might be more interesting 1o exploit the move

stringent conditions

g 9 iy
RN —ZH NN -+ N " 0 0
. . ON = :
vy 2oy g F2noy " (12}
AN

on the composition of the nitrogen waste, since his sel unconuples, to some extent, the eoni-
position of structiral biomass and veserves, These conditions are obtained from condition
(10} by equating the numerators and denominators separately.

Several simple expressions can be obtained [or changes over the whole incubation period
that are useful for practical work, The initial weight (age o == 0) and the weight at hirth
(i.e. hatehing. age o« = aip. exchuding membranes and nitrogen waste, are:

R
15T} (f}!ﬁ

(100) Wotan) ) = WV (s wee )L (13)
h

with the moleentar weiphts ( Wy iy ) = ( 12 1 16 14 )n. The scaled reserve densi-
ties o and o are delined as o, = LA V)7 where Eo denotes the initial amount of

reserves or Lhe amount at hateling,
The relative weight at hatching is Wo.{ay) /YW (0) = (w4 wv fupili /oo,

The total production of minerals” during incubation. No = [ bp{a)Y g(a) da. amounts

to |
Jig Uy = By
"[f!rnr-}\;) (l])

where a negative production implies a constmption (in the case ol Np).  Note that

m}}'t)i\r(f! = \F

JUVENILE MASS TRANSFORMATION
For the jnvenile mass transformation we have 1o add

[, v facces, ©

+ ”'3 .\' I i, i ()”u\' N”_\'.\ +”*}.vl"'-'>' (-‘“" HF()”UI N"NF ( l‘r))

to the macro-chemicalb reaction cquation (1),

The mass balance cquation now hecomes

l | ] I wd X
. Mgy by Hpe b T ,
‘\,n EEREN | i *’Ll]lY]) (l())
Hov Moy Heyp, Ny -1
R TR G CRN T KR TR oV

where nand Yy, ave supplemented with respect to the embryonic case to include the

processes of feeding and delacation.
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The ‘mincral” Huxes are avain given by kayy = —unkg. The "organic’ flnxes are

1 _ -i,u,l,. LI S j'”}
v gt 0 0 F y
. by - () () L' v - - - -
kn = ; = g I | fne ll' i Iy =g d 1) (17)
ot s 0
The expression for feps Tollows (rom Y= =G, = A= which simply tells that reserve

encrgy is generated by assimilation and used by catabolism. The expression for by follows

from the definition of the encrgy conductance v = {“l’”}. where {4, } stands for the maxi-

mnm surface arca-specilic assimilation cuergy, The factor g [ A L"”'i = C I,:.} couverts
assimilation energy to Canoles of food, where o, converts \()]H]II(‘ n[ food into (-moles of
food. The actual conversion is from Tood to assimilation encrgy. of course. For the faeces
flux A holds a similar relationship. As belore, we have that the mass fluxes are weighted
sums of powers. Note that the embryonic I is still contained in the juvenile J, but that
the Tatter is extended to inelade assimilation.

The vield cocflicients hecome

j!‘\' ‘Imr {jm} / r=f “’HIJ' { m} I +(f

ni‘ - TT; = : " N - — N 18
v !'l [’!“”] v [ - TEE:I{/( [‘]m"] r f - l ( )
,:' ' "rng —1 =f |
m) '-f e T'}" == [{ ’ ] r H ——""J - ( 1‘))
"‘.f" i“{rm] /()' — - ol { mr ] l
. ! l' ’]mf { m }
R RS R R 20
N P SELTUY (20)

The specilic dyiammic action (SDAY} s defined as the oxygen consimnption that is asso-
ciated with the feeding process. Apart frone a small part that relates to the processing ol
proteins. the S is litte understood (Withers, 1992). We can obtain it as the result of
the conservation law Tor mass. The SDA per Canole of food turns ont to be independent of
the states of the animat (reserves ¢ and size D, bat it stilb depends on a few DEB parameters

as
|
!' {
JA .
s = ugen o] E (21)
l'””l’ Aoy {_’m}
__i’i-{_ ilml

Tort (L)
where ug. denotes the row of u that refates to () whiel is the third row. The respiration
quotiont — Y ¢ is independent of and o at starvation (I = 0)if {10) applies.

ADULT MASS TRANSFORMATION
For the adult mmass transformation in females, we have to add

eges. N
bod ('!I”HFJ()”HIIE\”.\’I (2

[
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to the macro-chemical veaction cquation (1) and (151 Fhie bEB model assumes that em-
bryos initially consist of pure roserves. 1he stenetnral component bemg negligibly simall.
Therelore o new components <how oy,

The mineral huses are avain given by ky = —unk,,. The fluxes of reserves and

l'(’pl'()(lllf‘l MO are

l';';. - ,“,;'(‘.i (.') (23)
b = R (21)

where g represents overhead costs of the reproduction process. Since adnlt reserves are
transformed into embrvonic reserves. this factor is probably close to 1. The reproductive
output appears as a retun flux to the reserve component bheeanse embryvonic reserves have

the same composition as adndt reserves, The ‘organic’ Bixes are

. - ﬁ‘v:-‘i Uk 0 i i
’ —_ A.!" - ” ” [;:”“‘{:{‘ E — ~=17 K B 1
ki = f.r + !;','g e | | WI K '.') = d {') (25}
B ) ' ‘ - - (,,,- (',l
). Ay AT} ' *
Iy _ ’[Tr,.,,[] LT__. () v

Fuergy in urine is treated simitar to energy in facees in standard “static’ energy budget
studies. by sabtracting both from encrgy contained in food to arvive at metabolizable
energy that as available to the animal. The pEB model leads to a different, point of view,
where dissipating power and anabolic power also contribute to flie nitrogen waste. T'he

flux of nitrogen waste can he wreitten as

A
SR N T I N S (26)
[EN BRI (.',.

where np . denotes thie row of nthat velates 1o N which is the fourth row. [f Ny <

%’{{—'1} ’—’—;‘—J\— the fTux of nitrogen waste that relates to anabolic power., dye is negative, mean-
e .

g that nitrogen is built in rather than wasted in the transformation from reserves to
structural biomass: The flox ol nitrogen waste that relates to dissipating pPOWer amonnts
to bxp = ,—fi ::‘*’: which can he a substantial part of the total fux of nmitrogen waste. The
crucial difference hetween the sstatie” and the “dyvnaniic’ points of view is in the existence

of reserves and 1= role in cnerpetios,

INDIRECT CALORIMETRY

Indivect calorimetis nses measnrements of oxveen consnnption. cathon dioxide and nitro-
gen production to estimate dissipating heat Ly

b o= h'ky  with (27)
hf = ( n',n‘(‘ ',"‘-l h() Jii.\‘ ) (2{1)
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Its basis s just empivical. FExamples arer e = 0.06 kJoanol=Y by = 0. by = —-0.35
kJ.mol™! and by = (].-')3;'{7:-;" Lol in aquatic animals (Brafield and Llewellyn, 1982)
or (].()S(i}:—ﬁ Klmol=" in bivds (Blaxter, 19893, For manunals, corrections for methane
production have heen proposed (Bromver. 1958). Fhese coeflicients can be obtained by
direct calorimetry, nsing nnltiple regression. I the present notation, we can write for the
dissipation heat f..'”
| i
by =W ky = =hlunk,, = —a2'hmund |5 (29)
e

)
We can fry to give a rationale {for such relationships on the assnmption that changes in
entropy dnring the macro-chemical reaction are negligible. The chemical potentials of the
various companents can he collected i the veetors
s — N N N . .
ity = U ge gty oo pin ) (30)
S . « - N .
o= Uy e g gie ) (31)

The dissipating heat by now Tollows from the energy hatance equation

O = el Yo + ke Yo (32)
= gy + (i), — .(‘L;i‘[lll'l)l:(f) {33)
A
S jptel — fzg‘,un).] !) (31)
(.

Given the thermaodvnamic assiumptions mentioned in the section *powers’, dissipating heat
is again a weighted sum ol the three powers.which justifies the method of indivect calorime-
tey. o the assomption of homeostasis hobds strictlv, nothing is pained hy correcting lor
methane production in manunals, as long as comparizons are made within one type of
[ood.

Now we can reverse the argiunent and wonder how measurements of heat, dissipation
can be used to obtain the chemical potentials, Tn the definittion of chemical potentials, we
still have the freedom to choose the fraane of reference,

The combustion frame of reference is delined such that fey, = 0. When the superseript o
refers to the standard thermodynanmic frame of reference the ciemical potential of an
organic compound CH,, O, N, i the combustion frame of relerence is given in terms

e

ol that in the standard lrame of relerence by

I =y
NN
T Hije | HNeNUN
A L 2 2 naw [ 3
=1 "'.\I He | -- Hpe  onay WICy=ngadinga (;))
2 1 L nay
LN

Within tis frame of velerences substitation of the dissipating heat resulls in
. T ,
ft;, = hiun (36)
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This leads ns to the problem of how to obtain the relfative abundances of the elements
in the structuval Lody pnass and in the reserves, The problem can he solved by the use
of measured total hody campositions at vivious fool densities. The DER model deseribes
how the amonnt of veserves relates to ineestion rates, which means that food-dependent
changes in body compaosition can he used to disentangle reserves from strnctural hiomass.

This method s applied in Kooijnan (1993).

WATER BALANCE

For aquatic animals, we have that the drinking rate equals the water flux, by, = kg, but
terrestrial animals have to deab with evaporation ol water. The BEB model implies a water
ontfhux of fl whicl st bhe compensated by evaporating, Ay . and drinking, k4, such
that jf.t,, = I".'_t—é— A, C Eanbryos nsually do not drink and arve “designed” such that evaporation
takes care of water ontilux, althongh simall changes have heen found. The water content, of
tissues tn hirds gradnaliv decreases durtng growth, which led Ricklefs (Ricklefs and Webb,
1955) and Kowanarsky (1933} to model jnvenile growth on the basis of the water content
of the tissue. We here idealize the process by assuming strict homeostasis for both the
structurval hiomass and the reserves: while focussing on juveniles and adults. Note that
water emission via urine is incorporated in the composition of the nitrogen waste, which
could be large enough to let the water ontllux Ay be negative and tarn ot into a water
influx.

Fraporation has two main routes, one via water loss hinked 1o resptration and one via
transpivation. so hy = /:'.1” +- ri\"h. Water loss via vespiration is proportional to oxygen
consumption via the amonnt of inhaled vl so by, = !.:(;d,w. white transpiration is pro-
portional to surface arca. so ky, = {hy, P20 where {hy, ) does not depend on the state
of the animal. Both loss rates depend on water pressare in the air and temperature. The

DEB model leads 1o a drinking rate of
!'..' b, = ( O 1 i 0 )II{M + {Ji»"h }‘;f,/:".’z {37

This two-paramcter model for the drinking process isc of conrse. an idealized picture which
pushes 1he concept of homeostasis 1o the extreme, The water content of urine is actnally
rather vartable, depeuding on cnviromwmentat and hehavioural Tactors. However, the maodel
might. be helpfal as a first approximation to reveal the coupling that must exist hetween

drinking and energeties,

CONCLUSION

Given a dviamie enerey budeet model that covers the fall hife evelesall mass fluxes as well

as the dissipation heat can he written as weighted sums of three powers
o assimifation power. which is directlv coupled to food mpnt
o dissipating power. which combines alt non-assimilation powers that are not involved

in the process of ssnthesis of strictural components

i2



o anabolic power. which is divectly conpled to synthesis of structural components

Becanse of these three powers, dissipating heat can be written as a weighted sum of three
Smineral” fnxes, which woderping the method of indirect calorimetry.  Moreover, indi-
rect calorimetry can be used 1o obtain the chemical potentials of reserves and structural
hiomass.

These results show thatl nitrogen waste is not coupled to the feeding process only, which
is the implicit assumption of standard static energy budget studies. They also explain the
existence of the Specilic Dvnamic Action. Finally, the coupling between drinking and
cnergetics bas heen ehicidated. .
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