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, 1. Enpergetics and models

b 8ive estimates in this book for standard deviations for many
ol?tamued from experimental results, to indicate accuracv. I follc
with some hesitation on two grounds. ,

the value of the standard deviation is ra

parameter values that are

ow this standard procedure

'{lhe first reason to doubt the usefulpess is that

. ther sensitive 10 the stochasti

e d deviat ' astic part of the model

i .mlght not be very realistic, as discyssed. The second reason is that such stand d,
eviations do not account for correlatio  decintin

ns between parameters. A iati
for a parameter, therefore. does not T iaadard devition

uecessarily mear that such is know
accurately, an error that is easv to make " prremeter is Known

Chapter 2

Individuals

From a systems analvsis point of view, individuals are special because at this organization
level it is relatively easy to make mass balances. This is important. because the conservation
law for mass and energy is one of the few hard laws avaiiable in biology. At the cellular and
at the population level it is much more difficult 1o measure and model mass and energy
flows. It will be argued on {245} that life started as an individual in evolutionary history
rather than as a particular compound. such as Rva. The individual is seen as an entity
separated from the environment by phvsical barriers. Discussion should. therefore. start
at the level of the iadividual.

While developing the DEB theory in the next chapter, I will present many tests against
experimental data. These tests require careful interpretation of data that makes use of the
material presented in this chapter. which introduces some general concepts that relate to
individuals.

2.1 Input/output relationships

Any svstems model relates inputs to a svstem with outputs of that svstem, as a fanction
of its state Although manv formulations suggest that the output is the result of the state
of the svstem and s mput, thie directional causality is, m fact. & matter of subjective
interpretation. lnput, state and output display simultaneons beliavieur, without an ob-
jective, directional causality. The DEB model for uptake and use of energy in terms of
input/output deseriptions is nentral with respect to the interpretation in terms of “sapply’
and “demand’ With the “suppiv’ interpretation. [ mean thet the lead is i the feeding
process, w ch offers an energy input to the individual. The available energy flows 1o-
wards diffe ent destinations. more or less as water Hows through a river defta. With the
‘demand’ interpretation. | mean that the Jead is in some process using energy. such as
maintenancc and/or growth. which requires same energyv intake. Food searching beliaviom
is then subjected to regulation processes 1 the sense that an animal eats what it needs. 1
think that in practice species span the whole range from “supply” to "demand’ svstems. A
sea-anemone, for example. is a “supply’ tvpe of animal It is extremely flexible in terms of
growth and shrinkage. which depend on feeding conditions. 1t can survive a broad range
of food densities. Birds are examples of a ‘demand’ svstem and they can only survive
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at relativelv high food densities. The range of possible growth curves is thus much more
restricted.

Even in the "supply’ case, growth may be regulated carefuliy by kormonal control svs-
tems. Growth should not proceed at a rate bevond the possibility of mobilizing energy and
elementary compounds necessary to build new structures. Models that describe growth as
a result of hormonal regulation should deal with the problem of what determines hormone
levels. The answer invokes the individual level. The conceptual role of hormones is linked
to the similarity of growth patierns despite the diversitv of regulating systen 5. In the DEB
theory, messengers such as hormones are part of the phyvsiological machiner by which an
organism regulates its growtl. Their functional aspects can only be understood from other
variables and compounds.

Balance equations are extremely useful for the specification of constraints for the simul-
taneous behaviour of input. state and output of svstems. The problem of unnoticed sources
of sinks can onlv be circumvented by precise book-keeping. The possibility of being able
to formulate balance equations will turn out 1o be the most useful aspect of the abstract
quantity ‘energy’, ¢f. {41}. The conservation law for energy was originally furmulated by
von Mayer 461) in 1842. Precursors of the principle of conservation of energy go back as
far as Leibnitz in 1693 [118]. This law is kuown today as the first law of thermodynamics.
The aw of conservation of mass was first described in a paper by Lavoisier in 1789.

2.2 State variables

Many models for growth have age as a state variable. Age itself has excellent properties
as a measuring-tape, because it has a relatively well defined starting point (here taken
to be the start of embrvogenesis and not birth. ie. the transition from the embrvonic
state to the juvenile one). It can also be measured accurately. Some well-studied species
onlv thrive on abundant food supply. which results in weli-defined and repeatable size-
age curves. This has motivated a description of growth in terms of age. where food is
considered as an environmential variable. like temperarure. rather than a description in
terms of input/output relationships and cnergy allocation rules
Omne frequently applied model was proposed by Gompertz in 1825

Wty = W (1o /H g ot 7!

where 117(7) is the weight, usualiv the wer weight. of an individual of age t and 4 the
Gompertz growth rate. The individual grows from weight Wy asvmptotically to weight
Wa. This is essentiallv an age-based model. whicli becomes visible from a compari-

son of alternative ways to express it as a differential equation: £InW = -4l gt or
2 . \ B . . .
%5 In¥W = -*y%lnﬁ . The first equation states that the weight-specific growth rate de-

creases proportionally to the logarithm of weight as a fraction of ultimate weight. (Note
that the notation £ In " suggests a dimension problem, because it looks as if the argument
of a transcendental function is not dimensionless. Its mathematically equivalent notation
W“%W, shows that no dimension problem exists here.) It is hard to put a mechanism
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2.2. State variables 19

Figure 2.1: These talking gouramis, Trichopsts viftatus. come from the same brood and therefore
have the same age. They alse grew up in the same aquarium. The size difference resulted from
competition for a limited amount of food chunks. which amplified tiny initial size differences,
This illustrates that age cannot serve as a satisfactory basis lor the description of growth

growth rate decreases proportionally with the growth rate, which can be linked to a simple
aging mechanism where the ability to grow fades according to a first order process. In the
situation of abundant food. this model usually gives an acceptable fit. The problems with
this model and similar ones become apparent when growth has been measured at different
food availabilities.

Figure 2.1 shows two fish from the same brood. which have lived in the same J fitre
aquariutm. Their huge size difference shows that age-based growth models are houned to
fail, The mechanism behind the size difference in this case is the wav of feeding. which
involved a limited number of relatively big food chunks for the whole brood. Initially. thr
size differences were very small, but the largest animal always ook priority over its smalter
siblings, which amplified the size differences. Similar results apply to prokarvotes, which
have a poor control over age-at-division at constant substrate densitv. but a high control
over size-at-division [398].

Apart from empirical reasons for rejecting age as a state variable for the description
of growth, it cannot play the role of an explanatory variable from a physical point of
view. Something that proceeds with age, such as damage caused by free radicals. of.
{106}, can play that role. One will need an auxiliary model to show in detail how such &
variable depends on age. One of the problems with the Gompertz model and related ones

- is that growth does not result from a difference between an uptake and a usage term. It

is formulated as an intrinsic

o <

property of the organism. The environment can only affect

1
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When feeding is conceived as input of energy, size must be one of the state variables. A
large individual eats much more than a small one, so it is hard to imagine a realistic model
for growth that does pot have size as one of the state variables; however, many quantities
can be taken to measure size. Examples are volume, wet weight, dry weight, ash-free
dry weight, amount of carbon or energy etc. Originally [ thought that, to some extent,
they were more or less exchangeable, depending on the species. Now, I am convinced that
volume is the only natural choice to measure size in the context of the present theory, where
surface areas play suck an important role. A volume (organism), living in another volume
(eovironment), is bound to communicate with it over a surface area. The DEB theory
makes use of the interpretatior of the ratia of size and surface area in terms of length.
Weights remain of considerable practical interest for several reasons, the most important
ones relating to the implementation of mass balances. The relationships between size
measures will be discussed in the next section.

Size alone is not sufficient to describe the process of energy uptake and cannot be used
with any degree of accuracy. Energv reserves should be considered as well. even in the
most simple models. There are spveral reasons for this.

The first one is the existence of maintenance, i.. a continuous drain of €nergy Recessary
to keep the body going. Feeding on particles, even if these particles are molecules, implies
that there are periods in which no particles arrive. The capacity of a digestive system
cannot realistically be made big enough 10 smooth out the discrete arrival process. in
order to ‘pay’ the steady costs for maintenance. Other costs are paid as well in the absence
of any food input. Spectacular examples of prolonged action without food intake are the
European, North American and New Zealand eels Anguilla. which cease [eeding at a certain
moment. Their alimentary canal even degenerates. prior to the 3000 km long journey to
their breeding grounds, where thev spawn. The male emperor penguin Aptenodytes forster:
breeds its egg in Aniarctic midwinter for two wonths and feeds the newly hatched chick
with milky secretions from the stomach without access to food The male loges some 405
of its body weight before assistance from the fomale arrives,

The second argumenr for including storage i that mdividuals react slowly 10 changes
in their feeding conditions. Again, this cannot be described realisticallv with the digestive
system as & buffer because its reluxation 1ime is 100 short.

The third argument is 1hat well-fed individuzls happen to have a different {chemical!
body composition than mdividuals 1w poor feeding conditions. The tvpe of difference
depends on the species, as will be discussed later, Originaliy 1 thought that. as long as
food density is constant, one can do without storage. This is why the first version of the
DEB model [416], did not have energy storage. However, when growth at different food
densities is compared and storage levels depend on food density, ene should include storape
even under these simple conditions.

Size and stored energy should plav a4 role in even the simplest mode! for the uptake and
use of energy. Several other state variables, such as the content of the digestive svsten),
energy density of the blood etc., will be necessarv to describe the finer details of some
physiological processes, but thev need not plav a significant role at the population level.
For the purpose of the analysis of population dvnamics and the contribution of aging
therein. it makes sense to introduee ase as an anviliary third etats varinhls Tt alen nrowvac

|

o Acrie A soblinbr 2 bt it rra Rttt

e
Rl g2

i

A

P

21
2.3. Size and shape

aroomb bty

Figure 2.2: The sample survivor function
(see glossary) of shape coefficients for Eu-
ropean birds (left} and Neotropical wamm-
mals (right). The lengths include the tail
for the birds, but not for mammals. Data
from Bergmann and Helb [58] and Em-
mons and Feer |2031. The fitted survivor
funetions are those of the normal distribu-

Sursovar

tion.
necessary to distinguish life stages to catch qualitative differences in energetics. of. {19}

2.3 Size and shape

2.3.1 Length/surface area/volume relationships

escription when difierent species
f size and shape are rei-
lumes for

The shape thai organisms can take resists any a.ccurate d
are compared. For an understanding of cuergetics two gspf(‘ts 0 .
evant, as will be explained later: surface areas for acquisition processes and \.n\] o Jo
maintenance processes. Shape defines how these NIPASUTes relate 1o (*_a(-n o l.l("l.“‘, . m:sutrh;
ments of lenghs and weights are usualiy easy o obtain in & non-destructive wWav, st

| j asure are surface areas
practical problem has to be solved of how tiese measurements are related 1o st

and volume |

Volume 1= rather difieult to measure for some species. As :
the weight of a living organism without ad}u'{mg1 Waler. :
vt division throngh a fixed specthc density id.q. which ls'rl(w-
U ) = Wy where [dy ] i here taken to be a (Fixc-(lw
s iately

a first crucie approximation,

| can he
wer weights, W e

converted 1o volumes,
w1 gemd Su ¥y = qdg ) . .
an organisin does not ciange 16 shape during development. an approy _ .
an be used to oltain its volume. The length s multiplied b
4 fixed dimensionless shape coeflicient oy, and the result 1: ruiuod_:n_thr- 1Iln.mF llm.“:l"tl
So V= (dyL)*. The shape coefhcient. delined as volume! ™ ]fllf:lll BTN S[)f'.(l'f'll- or {I..
particular wav the length measure Las been choseti. Thus the n_lt'lusum or ("-M“Iﬁml}. c.J “,.
tail in the lengty of an organism results 1 different shape ("ueh‘lctema A st \\d.\. '
the shape coefhicient bejonging fo lenpth measure L is on

paramerer. 1f
chosen length measure, Lo«

obtain an approximate value for 5 :
. . . iy -

the basis of the rejationship dn, = (;—d—f:“ L i
1 i S ‘ i -gquainted wit

The following considerations help in getring acquain th : ool 0

a sphere of diameter L and volume L'7/G. the shape cocfiicient ix 0.806 with r(‘S[).(_(]l
to the diameter. For a cube with edge L. the shape coefficien: takes the value 1, I\‘\ll.l.
respect to this edge. The shape coeflicient for a cvhinder with length L and diameter Le 1%

(V3T /T2 with respect to the length.

b the shape coefhoent, For
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Table 2.1: The means and coefficients of variation of shape coefficients of European birds and
mammals and Neotropical mammals.

Taxon souree  number mean v mean  cv
1ail included tai} excluded

European birds [203.105] 41% (186 (hId4

European mammals [94} 128 01.233 0.2 0.335 0.2

Neotrop. mammals [58] 244 0.21% 0.41 0.328 0.18

The shapes of organisms can be compared in a crude wav on the basis of shiape coeffi-
cients. Figure 2.2 shows the distributions of shape coethicients among European birds and
Neotropical mammals. thev it the normal distribution closely. Sumnmarizing statistics are
given in table 2.1, which mcludes Eurupean mammals as well. Some interesting conclu-
sions can be drawn from the comparison of shape coeflicients. Thev have an amazingly
smal! coefficient of variation, especialiy in birds including sphere-like wrens and stick-like
fAamingos: which probably relates to constramts for flight. Mammals have somewhat larger
shape coefficients than birds, because thev tend to be more spherical and this possibly re-
lates to differences iy mechanics. The larger coefficient of variation indicates that the
constraints are perhiaps jess stringent than for birds. The spherical shape is more efficient
for encrgetics because cooling is proportional to surface area and a sphere has the smallest
surface area/volume ratio, namely 6/Le. When the tail is included in the length, European
mammals Lhave somewhat larger shape coeflicients than Neotropical mammals. but the dif-
ference is absent when the tail is excluded. Neotropical mammals tend to have longer tails.
which is probablv due to the fact that wost of them are tree dwellers. The temperature
differences between Europe and the Neotropies do not result o mammals in Europe heing
more spherical 1o reduce cooling.

These considerations should 1o obweurs 1he practival purpose of shape coefficients. to
convert shape-specific length measures 1o volunetric lengihs. 1e. cubic ruots of volumes.
Each paranieter that has length in its dimensions is seusitive to the wav that lengths have
been measured (iu- or excluding extremities. cte.). As long as the comparison is made
between bodies of the same shape. there is no need for concern, but as soon as different
shapes are compared. it is essentia! to convert length to volumetric length. the rationale

being that a comparison made on the basis of unit volumes of organisins is made on the
basis of cells.

2.3.2 Isomorphism

Isomorphism is ar important property which applies to the majority of species or earth.
It refers to conservation of shape as an individual grows in size. The shape can be any
shape and the comparison is only between sliapes that 4 single individual takes durine its
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development. Two bodies of a different size are isomorphic if it is possible to transfqrm
one body into the other by a simple geometric scaling in three dimensional space: scaling
involves only multiplication. translation and rotation. This implies, as Archimedes already
knew, that if two bodies have the same shape and if a particular length takes value qu
and L, in the diflerent bodies, the ratio of their surface areas is (1.,/L.)? and.that of their
volumes (L;/Ly)%. irrespective of their actual shape. It is. therefore. possible to make
assertions about the surface area and the volume of the body relative 1o some standard, on
the basis of length only. One only needs to measure the surface area or volume i absolute
values are required. This property will be used extensively.

The significance of the relationship between length. surface area and volume for iso-
morphs does not show up in the first place, in the context of practical measurement, but
for the body itself. . '

) These relationships plav an essential role in the
communication between the extensive variable
body size and intensive variables such as concen-
trations of compounds and reaction rates between
compounds.  Secreting organs ‘know’ their vol
ume relative to bedy volume by the build up of
the concentration of their products in the body.
Each cell in the body ‘knows™ its volume by the
ratioc between its volume and the surface area of
| its membranes. One mechanism is that most en-
zvines only function il bound 1o a membrane, with
tileir substrates and products in the cell volume
as illustrated. The functional aspect is that the
production of enzvines is a relativelv slow process.
a handicap if a particular transformation needs to
: be accelerated rapidiv. NMost enzvmes can be con-
; ceived of as fluffy, free floating structures. with
! performance depending on the shape of the outer
: surface of the molecule and the electrical charge

distribution vver it. .

If bound to a membrane. the outer shape of the enzvme changes into the shape reguired
for the catalvsis of the reaction specific to the enzvme. Membranes thus play a cen}ral rolv
in cellular pli_vsio]ogj\' (249,292,763}, Many pathways require a series of transformations and
50 involve a number of enzymes. The binding sites of these enzvmes on the membrase arc
close to each other, so that the product of one reaction is not dispersed in 1holc,\'tosol befolr(-
being processed further. The product is just handed over to the neighbourlpg enzyme 11‘1
a process called piping. Interplay between surface areas and volumes is basic to life, not
onlv at the level of the individual, but also at the molecular level. .

Most species are approximateiv isomorphic. It is not difficult to imagine the physio-
logical significance of this. Process regulating substances in the body tend 1o have a short

lifetime to cope with changes, so such substances have to bc produced cominuogsl_\‘. If
1eNMOr-
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t .. . .
phistn will resullt in a cgnstant concentration of the substance in the bodv. The wav the
substance exercises its influence does not have to change with changing body volume in
order to obtain the same effect ig isomorphs. .

Exoskeletons

Isomorphism itself poses no COMStraints on shape. but if organisms have a permanent exo-
skeleton, then stringent constraints on shape exist and as most animals with a permanent
exoskeleton actually meet these constraints, it is helpful to work them out Thi : o
can be skipped without loss of continuity. T bsection
A grasshopper remains Isomorphic and has an exoskeleton. but it grows bv moultin

thus the exoskeleton is not perimanent and somorphism poses no ronc:?m‘niq i.n this ¢ .
The same holds for an organism winch resembles a sphere, such as.a slea‘ulrr.hin' I la;a(r-lasoet-
have a permanent (rigid) exoskeleton. because the curvature of its surface cilan. es dur?n

growth. A cvlindrical organisry that grows in length onlv, is not 1somorphic fcvlindrig
ca._l Organism that grows isometrically has only its caps as a permanent exosl.ceieto‘ i th §
this includes oniy the caps. Le. two growing disks separated by a growing disLancz‘ Tll;(;
peltmaneuc exoskeleton generally represents a {curved) surface iLn three dimensional %Dace

w}.uch can be described jn a simple way using loganthmic spirals. The idea of the lo La: Lh
mic spiral or sprra marabulis {1y the plane) goes back to Descartes’ stydies of Naut%i rv]: i
1638 axid to Bernoulli in 1692, The function has beey used by Thompson ‘{"13' R du% JE
lﬁlg,ﬁlf] and‘Raup 1584.585! 10 describe the shape of bmchfopod& a.nrl:m‘mi‘resj.am;l O‘tili(;r
E:;ﬁ uscs. I will rephrase theyr work in modern mathematical terms and extend the idea a
‘ t}:\ natural starting potut for a description of 1he Isomorplic permanent exoskeleton
clzpe:irflglf)L(l)t;'hf]l::v;;,r:;il;:o 18 A 'C!(‘}.f(‘(i curve in three dlm(ensitjnal space that describes the
; : ntoexoskeleton shelll. This is where the skeleton svothesizine
ussue is found. The development of the exoskeleton can, . ed in

: and. - H I most cases. be retraced iy
time to an infinitesimaily smalj beginnmg, giving 1]

. . : It permanent exoskel Jus g
opemngi. This method avoids the problem of the spr’c{hcation of Thc-i}i\::i;,::):ifj‘lll:ti;?;‘::lu'
Sm;.j'“ object. To follow the mout), curve back it development "\'(‘.i]‘ll'ﬁdl ‘(- ad ) "
variable [, whicl, has the valye O for the present numth cur . ‘ ars of deves
opment: By placing the stan of develupment 41 1je arigir, the rest ay womorptnsm of the
developlng exoskeleton is reduced 1o Happing ane exoskeleton to anotler by mulr; licarion
and rlotarl,lon onlv {so no translation . We can alwis arient the ox()skv]eu;n suel lrl;'ifw‘[l l
rotation is around the raxis L R{l} denote the rotation matrix - S

ve and —~c at the start of devel

1 0 {
Rl = U ocos! st
G —smd! o

Ihe CIOS ed mOllt]l('Ul i T &
Ve I at an al'blt arv y ¢ T i S i b eseri )e(i
iy d.l 1 {()1' h( du Hiny \arlal)] { caw d rll

m{l) = A R{-m(0 (2.1)
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where ¢ is a constant describing how fast the mouth curve reduces in size when the ex-
oskeleton rotates over an angle 27, If ¢ is very large, it means that the exoskeleton does not
rotate during its reduction in size. Size reduction relates in a special way to the rotation
rate to ensure (self) isomorphism. It follows from the requirement that for any two points
m, and m; on the moutheurve, the distance |my{f + &) — mg(!})i] depends on [ in a way
that does not involve the particular choice of points. The rotation matrix is here evalu-
ated at argument —[. because most gastropods form left handed coils. For right handed
coiling ¢, rather than —I. should be used. The mouth curve, together with the parameter
¢ determine the shape of the exoskeleton.

An arbitrary point on the mouth curve will describe a logarithmic spiral to the origin.
To visualize this, it helps to realize that a sunple function such as the standard circle is
given by f{f} = (sinl cosl). where the dummy variable | takes vatues between —oo and
oo, A graphical representation can be obtained by plotting sin! against cosl. Similarly.
the logarithmic spiral with the vertex at the origin through the point m{0) = {(m;.G.my)
is given by

i :
£ = A2y mg sin = Lomg cos —1) {2.2)
‘ ‘ 1-axis

It lies on a cone around the r-axis 2 m
with vertex at the origin. and tan- ‘ T
ith vertex ) origin. al 7 - T \
gent mgz/my of the diverging augle P yraxis ,-/‘{ Yaa™
with respect to the r-axis  For in- - / R
creasing [, the normalized direction )
vector of the spiral from the vertex. Toaxis
{my. mysin I macos =0/ imll with
limf = \/:n"f +m3. describes o circle

in the y. r-juane at r-value m /um)

Until now. no explicii reference to tme has been made. If the length measure of the
animal follows a ven Bertalanfiv growth patiern, e 1 — exp{ =4t} for + € {0.oc). oL
{81}, the relationship o7 = 1 — exp{—1} results. So. 7 = £ {1l — exp{=31}}. I will
argue on {81} that this is reabistic when food density and temperature remain constant. 1y
winier. wher growth ceases in the temperate reqons and calcification partizlly continues
in molluses. « thickeming of the shell oveurs, which s visible as a ridge ringing the shell.
If the gradu:! transitions between the seacons can be negliected, these ridges will be found
atl=n'l —exp{-41}}. 7 = 1.2.3. .. when the unit of ime is one growth season. in
principle, this offers the possibulity of determining the vou Bertalanffv growth rate 4 {rom
a single shell found on the sea shore.

The mouth curve in living animals with a permanent exoskeleton frequently lies more
or less in a plane, which reduces the specification of the three dimensional mouth curve 1o 4
two dimensional one. plus the specification of the plane of the mouth curve. whicl ivolves
two extra parameters. The exoskeleton can alwavs be oriented such that the plane of the
mouth curve is perpendicuiar to the r.y-plane and the mouth opening s facing negative

y-values.
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Let p = (p1,p2,0) denote a point in the
plane of the mouth curve, such that this
plane is perpendicular to the vector p
and p; < 0. (Remember that the axis
of the spiral is the z-axis with the ver- b7
tex at the origin so that the crientation P

of the exoskeleton is mow completely i i
fixed.) The mouth curve n in the plane
is now measured using the point p as . —t e
origie. If the mouth curve is exactly
in a plane, a series of two coordinates '

suffice to describe the exoskeleton to-

gether with ¢, p, and p,.

Ifit is not exactly in a plane, we can interpret the plane as a regression plane ar-d still use
three coordinates, where the y-values are taken to be small. The relationship between n
measured ir the coordinate system with the plane of the mouth curve as 1, 2-plane and p
as origin with the original three dimensional mouth curve m is:

~p/llpll —pi/lipli ©
m=p+| p/lpli -p/iipll 0 |n (2.3}
¢ 0 1

More specifically, if the mouth curve is a circle with radius r and the centre point at
(91,0, ¢3), we get n{@) = (¢, + rsin®,0, g3 + 7 cos &), for an arbitrary value of @ between 0
and 27. This dummy variable just scans the circle. The 6 parameters ¢, p,, P2, 41, 2 and
r completely fix both shape and size of all isomorphic exoskeletons with circular mouth
curves. lf ouly the shape is of interest. we can choose r as the unit of distance. which leaves
5 free parameters for a full specification.

This class of morphs is too wide because it inciudes physically impossible shapes. The
orientation of the mouth curve should be such that a mouth opening results and the shape
may not ‘bite’ itself when walking along the spiral. This constraint can be trapsiated
?nto the constraint that the intersections of the exoskeleton with the 7. z-plane should not
intersect each other. The intersections of the mouth curve with the z.:z-plane are easy
to construct, given points on the mouth curve. When the point m; = (m,, my. my) on
the mouth curve m(0) spirals its wayv back to the vertex, it intersects the z. z-plane at
/P R(L)m,y, with §, = i7 — arctanma/my for i = 0, -1, -2, ...

The distinction Raup [584] made between a generating curve and a biological one
is purely arbitrary and has peither biological nor geometric meaning: Raup raises the
problem that realistic values for the parameters he uses to characterize shape tend to
cluster around certain values. Schindel }634] correctiy pointed out that this depends on
the particular way of defining parameters, and be used the intersection of (2.1) with the
z, z-plane to characterize shape and showed that realistic values for parameters of this
curve did not cluster. Apy parameterization, however, is arbitrary unless it follows the
growth mechanism. This shape of permanent exoskeletons is dealt with here to show that
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Nautilus has a fixed number of septa per revolution. This is to be expected as it makes a
septum as soon as the end chamber in which it lives exceeds a given proportion of its body
size. (The fact that the septa in subsequent revoiutions frequently make contact implies
that Neutifus somehow knows the number =.) These septa cause the shell to be no longer
isomorphic in the strict sense, but to be what can be called periodically isomorphic, by
which | mean that isomorphism ro longer holds for any two values of . but for values that
differ by a certain amount. Many gastropods are sculptured at the outer surface of their
shell; this sculpture is formed by the mantle curling around the shell edge. The distance
from the shell edge and the height of the sculpture relates to the actual body size, the
result being a shell that is also periodicallv isomorphic. Sculpture patterns that do not
follow the mouth curve, but follow the logarithmic spirals. do rot degrade jsomorphism.
Some shells of fully grown ammonites and gastropods have a last convolution that deviates
in shape from the previous ones, showing a change in physiology related to life stage; this
will be discussed iater, {83.150}.

Most shapes are simple and correspond to special cases where the mouth curve lies in
a plane. For p; = 1. the mouth curve lies in a plane parallel 1o the z, z-plane; shapes such
as Planorbis and Nauttlus result if the mouth curve is svmmetrical around the r, y-planc.
A growing sheet is obtained when p, — 0 and p» = 0 so that the mouth curve lies in the
y.z-plane. Age ridges can still show logarithmic spirals (in the plane). depending on the
value of ¢. Figure 2.3 gives a sample of possible shapes. Although the shell of Spirule is
internal rather than external, this does not spoil the argument.

From an abstract point of view, the closed mouth curve can secrete exoskeletons to
either side and no formal restrictions exist for the parameters describing their surfaces.
(The biological reality is that two mouth curves are lined up and can be moved apart to let
the animal interact with the environment.) Animals such as bivalves have two logarithmic
spirals sharing the same mouth-curve, one turns clockwise, one anti-clockwise. Many
gastropods also have a second exoskeleton. the plane-like operculum. which is so small
that it easily escapes notice. Gastropods of the genera Berthelmia. Jule and Midorigar
have two valves, much like the bivalva. As illustrated in figure 2.4. more complex shape
are possible when the mouth curve is branched.

2.3.3 Changing shapes

Huxlev {345] described how certain parts of the hody can change in size relative to the
whole body. ¢f. {252}, He used allometric functions to describe this change and pointed
to the problem that if some parts change in ac allometric way. other parts can not. From
an energetics point of view, the change in relative size of some extremities is not very
important. The total volume is of interest because of maintenance processes, and certain
surface areas for acquisition processes. The fact that wings, for instance, have a delayed
development in birds is of little relevance t¢ whole body growth. The basic problem is
in the relationship between the size measure and the volume that has to be maintained.
Reserve materials allocated to reproduction contribute substantially to the trunk length of
the larvacean Dikopleura, but do not require maintenance. 1 will show on {147} how such

Tommalm oo Lm simmd dm mtendes il med cnmadiiabinn inuantmmant cimultonanncle



28

Nautilus. 0 = 3. p) = 0, pa = 0

-~

Sprrule, e =5, py =0, py = 0

S

2. Individuals

|

o e prmrm
it

o PR U REPUL TR

;
i

¥ - o adtid Y AR

s

2.3. Size and shape 29

Fres o= 100 py — Uy = 1)

The mouth

Figure 2.3: A sampie of possible shapes of isomorphe with permanent exoskelerons.
THuni-

curves are shown al equal steps for the duinmy argument { Lymneea. Sprrula) or for time,

nate well and eveniv 1o obiam the stereo effect. Hold vour head about 50 cm from the page with
Do not focus at first on

the axis that connects vour eves exactly parelel]l w that for the hgures.
pes of the

the page but on an maginary peint far behind the page. Trv to merge bioth middle ima
four vou should se¢ tlns way, Then focus on the wmerged image. If this fails. try stereo glasses
If the grev is in front. rather than at the background. vou are looking with your right eve to the
ief picture. Preven: this with a sheer of paper placed between vour eves and the page. Abaout
lv and thus fail 1o sec depth. If necessary. test this

10% of people actually look with one eve on
s that vou see

by raising one finger in front of vour nose and counting the number of raised hunpge

while focusing at infinity.
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Figure 24: The goose barnacle {Scalpellum
scalpellum) has an exoskeleton with a large num-
ber of componenis. each belonging to the fan-
ily (2.1}; it is an example of a branched mouth
curve. Tetrahedrons provide an example of
permanent exoskeletons with three branching
points in the mouth curve and cubes with eight.
If the {branched) mouth curve is a globuiar
network, the exoskeleton can even resemble a
sphere. f

4

Some species such as echinoderms and some insects change skape over different Jife-
stages. Some of these changes do not give problems because food intake is sometimes
restricted to one stage only. If the shape changes considerabiyv during development, and if
volume has been chosen as the basis for size comparisons. the surface area related processes
should be corrected for these changes in sbape. A convenient way to de this is bv means
of the dimensionless shape correction function MV}, which stands for the uctual surface
area relative to the isomorphic one for a bodv with volume 1" where a particular shape
has been chosen as the reference. The derivation of this function will be illustrated for
two important examples that will occur throughout the book: &lamentous hyphae of fungi
and rod-shaped bacteria. These organisms are both very important from a biological poirt
of view and thev serve to illustrate the important notion of 0D- and 1D-isomorphs.

If a filament can be conceived as a cvlinder with variable length. and thus variable
volume 17, but a fixed diameter Lo, its surface area equals A(17) = 4V L27 if the caps
are exciuded. Suppose now that the cvlinder grows isomorphicallv from the start. The
surface area of the isomorphic cvlinder. i.c. a cvlinder that has a diameter proportional to
its length, 1s proportional 10 1'%3. The constant of proportionally depends on the choice
of a reference volume. sav 1;. The isomorphic surface area is thus 4,(17/1,)%3, where Ag

denotes the surface area of a cvlinder with volume 1, So the shape correction function
for filaments becomes

ULy

r = "¢ - . U-a
M) = ISR (/1)

(2.4}
It is not essential that the cross section through a filament is circular, it —_——

can be any shape, as long as it does not change during growth. S

The important aspect is that growth is isomorphic in one direction. So it must be possible
to the orient the body such that the direction of growth is along the r-axis, while no growth
occurs along the y- and 2-axes. The different body sizes can be obtained by multiplication
of the r-axis by some scalar {. By doing so, both the surface area and the volume are
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Figure 2.5: Left: The kinetoplastid Trypanesome does not grow in the longitudinal direction,
along which it divides. The change in shape 1s like a 2D-isomorph. nght: The bluc-grﬂ?n
bacterial colony Merismopedia is oniv one cell laver thick Although this sheet also grows in
two dimensions. it is a 1D-isormorph. The arrangement of the cells requires au almost perfect
svnchronization ot the cell cveli.

multiplied by [ so A = 4,1'/V4. if the surface area at V= 015 neghgib]_\'.small. Division
by the isombrpluc surface area A4{17/1)>" results in the shape correction funcuon. for
flaments. Filaments are therefore 1D-isomorphs. while the isomorphs of the previous
subsection are in fact 3D-isomorphs.

Several uniceliulars divide longitudinally, such as members of sev-

eral classes of the phyvium Zoemastigina (Opalmata. Refortn@m;ad;da, ‘
Choanomastigotes. Ametoplastida) and some filamentous bactlerza ﬁspxro- - ?:H:i'_x‘:“'
chetes [3331). The notorius Trypanusomu. which cause sleeping sick- i .
ness, are among these uniceliulars; see figure 2.5, Some are ﬁlamentoqs. b.ut o in 50}1;:
respects just the opposite of the above mentioned ﬁlamems: thev grow in dlan?e’telr r::n;t ;13:
than length. To illustrate the concept of the shape rorrect-lon fl.lll(‘UOIL I will der‘ll\gl 1e;e .m
shape correction function for this growth pattern, ussuming mét gruwth perpradicu zr 1
the longitudinal axis of the body is lsomerphie and that no growth occurs i the jongitudina

direction.

AT
-

Thus it is possible to orient the body with its axis qf no growth along.the :r-:;xm a.nrci
multiply both the y- and z-axes by some scalar to obtamn d:ﬂgrep: bady sizes. 'Tf ere a}
1o restrictions in shape. as long as growth in the . z-plane is isomorphic and or eaﬁl-
z,y-value there are a limited number of z-values. The body need not be rotat:c:lla }!
svﬁlmetric, it can taper towards its ends. Multiplving the y- and z-axis by some v ut'*I
r;esults in a muttiplication of the surface area of the body by [ and of the Lvoiumg bv I-. h{ o
see this, one should realize that surface area can be writter as 4 = [ L.(r)dz, w el:e
L.(z) denotes the circumference of the cross section tl}roggh the bodv at . andb :LdOtms
length of the body in the longitudinal direction. ]\'Iu_lr.lplymg th.e y- and z-axes L s :
value [ results in & multiplication of L.{z) with [, while L, remains untouched. Li ewxsﬁ:,
volume can be written as V' = [ A.(z) dz, where A.(z) denotes the Sur{f’xce area of the
cross section at 7. which is multiplied by £2.) For some reference volume 1 for { =1, we
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bave thus ! = \/V/V, or A = Ag/V /Ty, where A; denotes the surface area of a body with

volunfle Vy. The surface area of a 3D-isomorph is 44(1//V1?/3, 50 that the shape correction
function for 2D-isomorphs is

M) = Aay VIV 44V V)P = (v /16

This correction fugction for 2D-isomorphs decreases with the cubic root of a length mea-
sure, while for 1D-isomorphs (filaments} it increases with a length measure.

(2.5)

A subtlety of this reasoning can be illustrated by sheets. i.e flat bodies
that only grow in two dimensions. with g ('onsiant. but small, heivht‘,
The archaebacterium Methanoplanus fits this description. ) -
Severa.} colomies, such as the sulphur bactenum Thiopedsa, the blue-green bacterium Meris-
mopedia and. the green alga Pediastrum also fall into this category; see figure 2.5. Ho:w
sheets growlm two dimensions does not matter: they may change ‘wildlv in shape during
growth. Height must be small to neglect the contribution of the sides 10 the total sur-
face area. The surface area of Lhe sheet relates to its volume as AV) = 2VL7Y where

Ly denotes the height of the st
sheet and the factor 2 accounts for the u ;
surface area of the sheet. Djv e o fer

1si0n by the g ic 2V, 1
M) = (F70075, o, Lo 1 et S o 127 e
sheer have much in common with 2D-isomorphs. where height Ly plays the same role as
!onglltudinal length Ly The tmporiant difference is that forn;r =0agd r = L there ar;'
mfinitel‘y many :-values for appropriately chosen y-values. a case that has he:I.l excluded
foT 2D-isomorphs. This SUBRCSLs an obvious route for mixtures of 1D- and 2D-iso£:16rph¢
thick sheets that grow isomorphically in two dimensions. So the upper and lower %urfa(:(;
areas behave ag a 1D-1somorph. while the sides behave as a 2D-isomorph. \

This may come as a surprise since

:l'hls conclusion invites examation of the contribution of the caps
in ﬁla..ments, This can hest be done vig the introduction of hioh’lmﬂ.
conceived as super-organisis. wlich resemble sheets. but in some wa\‘-Q.
they do the Opposite; they grow iy hewght ratler 1} -
of the sheet. hut the merease in surface area je negligibly sipali
can be conceived formallv as 4 0D-1somorph, urk ‘
a 3D-isomorph is stil] AV
isomorphs

e
w1 the direction patn ey

A biofilm on a piane
{ts surface area is just Ay while thar of

which leads 10 1he shape correction function for 00

My =y s

1 ] . . .
Fi u:)s re]:.ate to sheets s 1D-isomorphs relate 10 2D-isomorphs. Films frequentiv oreur in
combination with 1D-isomorphs, as wil] Le showy A .

(2.6}

FJooper {137) argues that at constant substrate density Escherichia ETOWS

in length only, while the diameter-length raric ag division remains Conl —
stant for different substrate densities. ‘ . _
(I"o'r -the.use of the term ‘density", see the remark under (3.3).) This mode of growth and
division is t_vplca.i for most rod-shaped bacteria, and most bacteria are rod-shaped. Shape
and volume at division, at a given substrate density. are selected as a reference. 'i'hc c:l}

-
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then has, say, length L, diameter 6L, surface area 44 and volume V3. The fraction & is
known as the aspect ratio of a cylinder, The index & will be used to indicate length, surface
area and volume at division at a given substrate density. The shape of the rod shaped
bacterium is idealized by a cylinder with hemispheres at both ends and, in contrast to a

L . 1/3 _
filament, the caps are now included. Length at division is Ly = ((]_;;3)6 ') . making
. 1/3 . _ 204 2/3
. & 41 v f(1-8/DEr = [
leagth L = 5((1-_”:5)571) + ( ) . Surface area becomes A = LiT& +

i vy
e . . . Ed r ‘2 3
6%' The surface area of an isomorphically growing rod equals 44{17/13)%%. The shape
correction function is the ratio of these surface area’'s. If volume. rather than length. is
used as an argument the sought, dimensienless, correction function becomes

T 173
= ¢ (i—d) +[1- £ (L)
T3 3\

When & = 0.6, the shape just after division is a sphere as in coccl, so
this is the upper boundarv for aspect ratio & This value is obtained
bv equating the volume of a cylinder to that of a sphere with the same
diameter. When é — 0. the shape tends 10 a filament. .

M

The shape correction function for rods can now be conceived as a
weighted sum of those for & 0D- and a 1D-isomorph. with a simple ge-
ometric interpretation of the weight coethcients A cvlinder with blum
caps has the shape correction function

T AL ("
M“"‘H?(T) M u)

which is again a weighted sum of correction functions for 0D- and 1D-isomorphis. For the
aspect ratio & — ~c. the shape can become arbitrary close to 3 0Dssomorph. The exact
geometry of the caps is thus of less importance for surface area/volume refationships. Hm.ls
are examples of static mixtures of a 0D- and & 1D-isomorph, e the weight coefficients o
not depend on volume. Crusts are exatuples of dvnamic mixtures and will be discussed an
{145},

The table right summarizes the shape correc-

1/3

(2.8}

tion functions for somorphs of different di- D MV
mensions. The power of the scaled volumes e e
has an odd relationship with the dimension of 0 ‘;‘ ! 1?1”1
isomorphy. Mixtures of 1D- and 0D- or 203 (1) ‘1{1“\_1”
1somorphs can resemble 3D-sumorphs. de- :{ :’\":".‘Z‘“

pending the weight coefhicients and the rauge
of values for the scaled volume.

2.3.4 Weight/volume relationships

In the discussion about shape coefficients. {21}. the crude relationship W, = jd,J}" was
used to relate wet weight to structural biovolume. Thisx mapping in fact assumes home-
ostasis, see {38}, without 4 decomposition of the organism into a structural and a storage
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éomponent. Almost all of the literature is based on this relationship or the similar one for
dry weights: Wy = {d ]V

For some purposes in energetics, such relationships between volumes and weights are
far too crude. One needs a more refined definition of size to distinguish structural body
volume from energy reserves. The necessitv of making this distinction originates, among
other things, from the quantification of metabolic costs. These costs are not paid for
reserve materials: this is most obvious for freshiy laid bird eggs. Such eggs are composed
almost estirelv of reserve materials and use practically no oxygen, as will be discussed
later, {84,103}.

Some convenient size measures, such as weight, suffer more from the contribution of
reserves than others. For example, energy allocated 1o reproduction. but temporarily stored
in a buffer, will contribute to weight, but zot to structural body volume. Energy reserves
replace water in many aquatic species 1553.788]. but in the human species, for instance,
energy reserves are often {painfully) visible Energy reserves generallv contribute more to
dry weight than to wet weight [248]. While wet weight is usually easier to measure and can
be obtained in a non-destructive pay. drv weight has a closer link to chemical composition
and mass balance impiementations. | will show on {192} bow to separate structural body
mass from reserves and determine the relative abundances of the main elements for both
categories on the basis of dry weight.

The relationship between wet weight W', and drv weight T3 and structural body vol-
ume, 1", nou-allocated energy reserves E. and enerpy reserves allocated to reproduction
ER is

W, =
Wy =

(due]V + ldue)(E + Eg)/iEn)
[ddt']lv + [ddr](E + ER)/{E’"J

(2.9]
(2.10)

where [E,. | denotes the maximum non-allocated reserve energv density as discussed in the
next chapter. Its occurrence here is just to obtain the dimension weight volume™! for the
density [dy.] and it is part of the tactic 1o avoid measurement of energies if not strictly
required. If food is ad libitum, the energy reserve E will be found to evolve to £V in the
DEB theory, so that the energy reserves will then contribute [due]V o wet weight. Under
this condition weight is thus proportional 1o volume. apart from the possible contribution
of reserves allocated to reproduction. If CNCTEY reserves replace water and the specific
density of the energy reserves equals that of water. we have |d,,] = 0. If their specific
density is less than that of water because of a high lipid content, for instance. [d,,| can
be negative if the reserves still replace water. The conversion coefficients |d..] bave fixed
values, due to homeostasis for the structural biomass and the reserves, see {38},
Although this relationship between weight and structural biovolume is more accurate
than a mere proportionality. it is bv no means “exact’ and it depends again on the species.
The gut contents of earthworms, shell of molluscs. exoskeleton of erustaceans and calcareous
skeieton of corals do not require maintenance and for this reason thev should be excluded
from biovolume and weight. In the finer details, all species pose specific problems for
the interpretation of size measurement. The contribution of inorganic salts 1o the dry
weight of small marine invertebrates is frequently substantial. Figure 2.6 iliustrates the
interpretation problem in the measurement of ash-iree dry weight in relation to length in
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Figure 2.6 The ash-free dry weight and the length of the cheatognat Segitta hzs_mr‘ia, Data from
Heéve [580.585]. The curve through the lengths is L{f} = Lo - (Lo = Lptexp{=At}.

cheatognats. Lengtlt measurements follow the expected growth pattern (l(mil\' at a.lnm(lamt
food. while the description of weight secmns to require an ad loc reasoning. Althm.lgl:
quickly said. this is au important argument in the use of IERSUTEmTITS within a .t heoretical
('Ome>-:t: if an explanation that is not species-specific (:ompf'!les with a specific 01}(‘. lthf'
first explanation should be preferred if the arguments are otherwise equal-l_\: ('nnvn{(-mgi
Since energy reserves contribute to wetght and are sepsitive to feeding ('OI]dVIT.l‘On.r-i‘ weights
usualiv show much more scatter. i comparison 10 length measurements. This is illustrated
in Figure 2.7. . 7 ' N f
The determination of the size of an embrvo is complicated by the (’_\t(’Ile\.E' systenl ¢
membranes the embryo develops in order to mobilize stored energy and materials and the
decrease in water content during development [760). In some spf’cim. the embryo can .iuf
separated fromi external” volk. As long as e.\:terual‘_volk Is ahungam. the e‘m-rgf' TOSOTVEeS
of the embrvo without that volk. if present at all. will un the asis of DEB theory turn out
10 be a fixed fraction of wet and drv weight. so that the embryvo \‘nlmu.v is ]:rupn.rtmnul
1o weight Uncertainty about the proportionaliny factor will hamper the comparison of
parameter values between the embryvonic stage and the ]msl—-t*mbr\'urnlr une. N
The aqueous fraction of an urganistn 1= of huportance in r(‘lgt!ul; o the l-(l]l.(_‘l.l(-.n (.,
toxicants. The agueous weight ix the dificrenee between wet weight and dry weighi, su
W, =1, =Wy It can be written as 1, = {dyo'} . for
‘ D iden Bl 211
[d"‘ﬂ] = [du'!'] - lddF] -+ “dwrf wdtl) [Em]\ ( ) b
The contribution of the last term. which stands for that of the reserves to .:hr‘ \'ﬁllfn.lifji K
water weight conversion. is probably small in most cases. The volume oceupied by water

a3

is 1, = W, /d,. where d, stands for the specific density of water. which is close to T gem™.
: “ : - - r 1 . FOUEI .
The aqueous fraction of structural body voiume is thus 1,/ = [dyli/ds and 13 plgﬁl]_\_

takes values between (.7 and 0.9. . o
It is possible to use variations in weight relative to sume measure of length to indica
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Figure 2.7: The weight 10 the power |

4 and t .
Peremeles nasuta. Data from Lyne [444] 8 and the head length of the long-nosed bandicoot

The curves are again L(t) = L. — (Loo—Lo)exp!{—+t}.

::rﬂ:aétxofns in e?erg_v reserves. This has been done for birds [552]. and fish. There exists a

- Cm)cijcoe}fli?ue.nts to l[lIdICH.LE the nutritional condition of fish, e.g. (weight in g) x(length

ne H,_}u' ich is sometimes used with a factor 1. 10 or 100. It is known as the condition
or, Hiie's formula or the pondera] index [7.240,318,343).

The :

o restrlijzgebéetsz)s ;2:;5:5 re?}rve’s pl‘)S(’ [or the finer Qetails of the definition of size are
ctractara) o v wé, 1e}'aliso affect the .relatlonship between total volume and
water for on ;@Serveq .\Icinmpdmblo ter wet weights for species that do not interchange
it T aeﬁﬁe th;q[ see ?Lructural V\'oiume and energy reserves as rather abstract
the organam e {:Le of an orgamgm, DEB theory specifies how the behaviour of
ety o acpe u; o .; qmr In addmor.x to that, we need theories that relate these
hoory s pnes o 1 ‘5 \]x; ((m. measure in order to substantiate the elaim tha: DEB
weghns (thines e o ;:e,l:r (,A. Tius subsection presents such an auxihiary theory of how
and coergy e Th; : u-r( P1elate 1o the {abstract] state variables structural volume
an imima'm re]alion.sm ) :L} n.mp‘[la%n;: rests on a kev concept of DEB theory: Lhomeostasis.,
Gnantitie & relad au\'ml-lr\fu_; e,\m.rs between the (DER) theory that is based upon abstract
{103‘192}‘ e S,hm;. ”(lat rL]I.(‘Ur‘\ ‘thm r?iat(fs abstract quaatities 1o measurerents. Later.
that relates reopimary : us relationsiip is éven more imtimate for the auxiliary theory
the retasioneti s Lo easgromoms to (abstract  energy fluxes. The reason for discussin;'

\ ween weight and structural vol : < "
priot t6 the develomme ! tural volume and energy reserves in o chapter
Pbetracs e anf au(-'][‘).EB. lhenry I8 10 stress the distinction between core’ theory of
theory is a® 3 xihan Lhe-.o'nes of relationships with measurements. If the core

A nger useiul. the auxiliarv theories shouid be thrown awav automaticaliv

Howe er 11. 1 i 4 S
L] h po ;l})]e 13 ('hdn t¢ i i

- t ) j i i

Vi s SS > (& Q h(‘] au)\l]lar\ the()] ies. w i[h()'l“ C“anglub Lh ¢ cor

The relationship b
_ P between volume, reserves and mass wi ' '
section on mass-energy coupling, {192}, 5 il bl ot further o the
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2.3.5 C-mole/volume relationships

The microbiological tradition is to express the relative abundances of the elements hvdro-
gen, oxvgen and nitrogen in drv biomass relative to that of carbon and to conceive the
combined compound so expressed as a kind of abstract ‘molecule’ that can be counted
and written as CHpyu Onoy Nupy- For each C-atom in dry biomass, there are typically
ngw = 1.8 H-atoms. ngw = 0.5 O-atoms and nyu = 0.2 N-atoms for a randomly chosen
micro-organism  [608]. This gives a ‘molecular weight' of wy = 24.6 g mol ™!, whick can
be used to convert drv weights into what are called ‘C-moles’. The relative abundances of
elements in biomass-derived sediments Jargely remain unaltered on a geological time scale.
apart from the excretion of warer. Iu the geological literature the Redheld ratio C:N:D
= 109.15:1 i« popular 5871, or for silica bearing organisms such as diatoms. radiolari-
ans. silico-flagelates and (some] sponges CSEND = 105:40015:1 Tlos literature usually
excludes hvdrogen and oxvgen. becouse their abundances in biomass-derived sedinents
change considerably during geological time. Other bulk elements in organisine are S, CL
Na. Mg, K and Ca. while some 14 other trace elements play an essential role. as reviewsd
by Fratsto da Silva and Williams [231]. The ash that remains when dry biomass is hurat
away is rich in these elements. Since ash-weight is typically some 5% of dry weight. ] will
here include the first four most abundant elements onlv, but the inclusion of more elements
is straightforward. As stated before. sume taxa require special attention on this point.
As for weight densities. the chenncal composition of biomass cannot be taken constant
for most purpeses in energetics. {192} 1 a molecule” of struetural bionass is denated by
CHo oy Gy Nawy atd of evergy reserves by CHy 1O, Npep- T relative abundances in

dry biomass are for [E7 = £/17 given by

vy e + tiapidme |E] [ Eml
i"‘.nl't - ;{J"ﬂri{EJ"{EVﬂ‘}

(2.12:

Neytr =

where » stands for 71,02 or N oand {dy,, " and Tdy, b denote the conversion cortheenis frem

strpetaral biovolume and energy volune to Canole. Tiese conversion eoefficients have

simple relationships with those from volume 1o drv weight. beeanse the Tmolay welght of

structural biovolune and eperpv reserves are given by

Ch o s ) 1
wy o qdadildn = 12—y = 1oy = Ty gram i)

_y
Tt deo!

|2

"y g e = 12— wigs = longy = Dy

since The contribution of the other clements to dry weight 15 negligiblv suadl The probici
of uncovering the relative abundances woy and 1,y from medsurenients ol 1. will be
discussed on {192}

As is standard 1 the microbiological hirerature. the concept of C-mole will be extended
1o (stmple) substrates. the difference frons an ordinary mole being that 3 alwavs has at most
1 C-atom. For reasons of consistency of notation. substrate density Xy, will be expressed on
a volume per volume basis. while dy,, Xo gives substrate as C-mole per volume, The sune
strategy will be used for products that are produced bv micro-organsms: lthmp] voDVETLS

volume of product into mole of product.



?;8 2. Individuals
2.4 Homeostasis

The compounds that cells use to drive metabolism reguire enzymes for their chemical
transformation. Compounds that react spontaneously are excluded. In this way cells
achieve full control over ali transformations. becayse thev synthesize enzyvmes, con-eis[ing
of protein, themselves. No reaction runs without the assistance of enzvines. The pro;\)ertie‘%
of enzymes depend on their micro-environment. So homeostasis. ie. a constant chemica}
composition, is essential for full control. Changes in the environment in terms of resource
ava.il-abi]ity,_ both spatial and temporal. require the formation of Teserve pools to ensure a
continuouns supply of essential compounds for metabolisn:. This implies a deviation from
homeostasis. The cells solution to this problem is 10 make use of polvmers thar are not
soluble. In this wav these reserves do not thange the osmotic value In many cases cells
e.ncaplsulato the polvmers in membranes. 1o reduce interference even further. at the same
time increasing access. as many cellular activities are membrane bound.

Reserve materials can be distinguished from materials of the structural biomass by
a chagge i relative abundance ¥ resource levelx change  This defining property breaks
down in case of extreme starvation when struetural materials are degraded as well as when
reserves are exhausted. An example of this is the break down of muscie tissue in mammals
such as ourselves. which must be considered as structural material. The distinction between
reserves and structural materials is meant 10 accommodate the fact that some materials
are more mobile than others. DEB theorv builds on a two-way classification and in fact
assumes.homeostasis implicitly for structural biomass and reserve separately. via two other
assu.mptlons‘ Homeostasis is assumed for the structural materials be('au-se the volume-
specific energy costs for growth are assumed ro be constant. as explained in the next
chapter. The assumption that the energy content of reserve materials i just proportional
Fo the amount of reserve material, without any labels relating to their cofr:poshion. in fact
implies the asswinption of homeostasis for reserve materials as well. and because the amount
of reserves can change relative 10 the structural materials. the chemical composition of the
whole body can change. That is. it can change 1 g
the choice of energy as a stare variabie rather than the complete catalogue of all ¢ ompounds.
_ Sturage and structural compounds differ in the way In which thev are non-permanent
in organists, Storage materials are contmuonsly nsed and rvpienisiwd. while structural
materials, and in particular proteins, are subjected to continuous degradation and recon-
struction.  Most proteins (enzvmies) have a fragile
very short mean. functional fife:imes.

sarticilar wav, This s « consequence of

- tertiary structure. which results in
. Erergy costs for protein turnover are included n
maitenance costs. The DEB model assumes no maintenance for ENETpY IeseTves.

'I_“ho two-way classification of compounds into permanent (structural biomass) and dv-
bamic (reserves) will doubtlessly prove to be 100 simphstic on biochemical grounds. It is,
however, a considerable improvement on the one-wayv classification. which is standard at
present. In the field considered in this hook. The consequences of a two-wav classification
for the .interpretation of measurements and for the evaiuation of populat‘ion dynamical
preperties are complicated enough. l

The reserve dynamics within the DEB model will work out such that homeostasis applies
for the whole organism ( including structural biomass and reserves) from birth to death. if
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food density does not change and reserves are at equilibrium. Realistic or not. any attempt
to deviate from this property will soon break down with insurmountable problems of tving
measurements of body size to the abstract variables structural biomass and reserves. This.
of course. would degrade the testability of such a theory and so its usefulness.

2.4.1 Storage materials

Storage material can be classified into several categories: see table 2.2, These categories do
not point to separate dvnamics. Carbohvdrates can be transfornied into fats. for instance.
Most compounds have a dual function as a reserve pool for both cuergy and elementary
compounds for anabolic processes. For examnple. proteins stores supply energy, amino acids
and nitrogen. Ribosomal RNA (TRNAY catalvzes protein svithesis. In rapidly growing cells
such as those of bacteria in rich media. rRxA makes up 1o 80% of the dry weight. while
the relative abundance in slowly growing cells 12 much less. For this reason. 1t should
be included in the storage material. 1 will show how this point of view leads to realistic
descriptions for peptide elongation rates. {250}, and growth rate related changes in the
relative abundance of nitrogen. {192}, There is no requircment that storage compounds
be inert.

Waxes can be transformed into fats (triglveeridesi aned plav a role in bnovaney e.g. of
zooplankton in the sea [53]. Bv increasing their fat/wax ratio. thev can ascend to the
surface lavers. which offer different food tvpes {phyvtoplankton!. temperatures and currents.
Since surface lavers frequently flow in directious other than deeper ones, thev can travel
the earth by just changing their fat/wax ratio and stepping from ouc current into another.
Wax ester biosvnthesis mav provide a mechanism {or rapidlv elahorating lipid stores {from
amino acid precursors 1§27].

Unsaturated hipids. whicl have one or tmore donble honds i the byvdrocarbon chain. are
particularly abundaut i cold water species. compared with saturated lipids This possibly
represents a homee-viscous adapration 1654).

The amount of storage materials depends on the {eeding conditions in the (recent)
past. cf. {¥2}. Storape densitv. ie. the amonnt of storage material per unit volume of
structural biomass. tends to be proportional 10 the volumetric lenpth for different species.
if conditiens of foud (substrate} abundance are compired. as explained on {218} and tested
empirically or {224}, This means that the maximuin storage density of bacteria is swall.
Under conditions of nitrogen limitation for instance. bacteria can become loaded with
energy storage materials such as polyphosphate or polvhvdroxvhutvrate. depending on the
species. This property is used in biological plastic production and phosphate removal from
sewage water. Intracellular lipids can accumulate up to some 707 of the cell dry weigit in
oleaginous veasts. such as Apiotrichum [582.785]. This propertv is used in the industrial
production of lipids. The excess storage is due to the uncoupling of energy and mass
fluxes in bacteria and these conditions have been excluded from the present analvsis. Only
situations of energy limitation are dealt with.
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Table 2.2 Some frequently useg Storage materials in heterotzophs.
—_— —_—
—
phosphates
prrophosphate bacteria
polvphosphate hacteria {Azotabacter)
carbohydrates
A-1.3-glucans
feucosin ' 1
1 o Chrysomonadida, Prymnesude
chrysolaminariy Chrysomonodida
paramyvion Euglenida
a-1d-plucans
starch X
ek Cryptomonadida, Diaflageilid,. Volvocada
1 .
ar}]\lg , blue green bacreria, pratozoa. veasts, moliuses
viopechn Eucoce : o
wéude. Trichotomatidy, Enpod
. - Lrtodmeomorphady
trehaiose fungi, veasts 7
hpords
poly i Ivdroxvburvrage bacteriy
triglhveeride Agi
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Casell i ]
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erritiy X I
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Figure 2.8: Some storage deposits are really eve-catching.

2.4.2 Storage deposits

Lipids, in vertebrates, are stored in cell vacuoles in specialized adipose tissue, which occurs
in rather well defined surface areas of the body. The cells themselves are part of the
structural biomass, but the contents of the vacuole is part of the reserves. In molluses
specialized glvcoger storage cells are found in the foot [308]. The areas for storage deposits
are usually found scatiered over the bodv and therefore appear to he an integral part of
the structural body mass, unless super-abundant: see figure 2.8 The occurrence of massive
deposits is usualiv iu preparation for a poor feeding season The rodent Ghis ghs is called
the ‘edible doormouse’. because of its excossive lipid deposits st prior to dormaney, {131}
{Stewed is honey and wine. doormice were 2 gourmet meal for the ancient Romans.)

[n most invertebrate groups. storaze deposits do nat occur in specialized tissues, but
only in the cells themselves at au amount thar relates to requirements. So reproductive
organs tend to be rich 1n storage products. The mesoplea of sea anemones, for instance, has
mobile cells that are rich i giveogen and lipid. called ‘glveoevtes”. which migrate to sites of
demand during gametogenesis and directiv transfer the stored materials to e.fr. developing
oocvtes [634] Glveogen that is stored for long-term rymeally occurs in rosettes and for
short-term in particles [322.654]

2.5 Energy

Energy fluxes through living svstems are difficult to measure and even more difficult to
interpret. Let me mention brieflv some of the problems.

Although it is possible to measure the thermodynaric energy content of food through
complete combustion, this onlv shows that the Organism cannot gain more energy from
food. since combustion is not complete. Food is degraded to a variety of elementary

o
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efficiency. The difference between the energy content of food and faeces is just an upper
boundary for the infiux, because there are energy losses in the digestion process. Part of
this difference is never actually used by the organism, but is used by e.g. the gut flora.
Another part becomes lost bv enhanced respiration coupied to digestion, especially of
proteins. called ‘specific dvnamic action' or ‘heat increment of feeding’.

Growth involves an energy investment. which is partiaily preserved in new biomass. On
top of the energy content of the newlyv formed biomass. energy has been invested to give it
its structure. Part of this energy is lost during growth and can be measured as dissipating
heat. This heat can be considered as an overhead of the growth process. The energy that
is fixed in new biomass is partly present as energy bearing compounds. Cells are highly
structured objects and the information contained in their structure is not measured by
bomb calometry.,

Thermodynamics of irreversible or nonequilibrivm processes offers a framework to pin-
point the problem. cf. [281.421] for instance. While borb calometry measures enthalpy,
Gibbs free energy is the more useful concept to quantifv the energy performance of individ-
uals. Enthalpy and Gibbs free energy are coupled via the concept of entropy: the enthalpy
of a svstem equals its Gibbs free energy minus the entropy times the absolute temperature.
This basic relationship was formujated by Gibbs in 1878, The direct quantification of en-
tropy requires the complete specification of the biochemical machinery, which is exactiv
what we trv to avoid. (Dérr [377). for instance. gives an entropv reduction of £.05 e\’
= 5 kJ mol™! associated with the spatial fixation of one single amino acid group of a chain
molecule at 25 °C.) Gibbs relationship can be used to measure entropy indirectly in sim-
ple systems such as micro-organisms growing on well defined substrates via enthalpy and
free energy. Since such free energies for micro-organisms are measured at the population
level. a detaiied discussion is postponed till {201}. Although this discussiou opens the
way to determine the entropy of living svstems, 1 did not yet attemp to obtain numerical
estimates, unfortunately. Existing ideas still range from entropy values larger than that of
substrate (succinic acid) [42] to verv low values 1434}

All these probiems about the measurement and interpretation of energv hamper di-
rect experimental testing of assumptions about energy flows. It 15 possible. however. to
circumvent this problem to same extent in a stunningly simple wav: by not measuring
energies! By refraining from direct testing of assumptions about energies. one would think
that theorics about encrgy fluxes are not testable and. therefore. uscless, The Consequences
of such assumptions for guantities that do not represent energies, however. are testable.
Many testabie consequences are presented and actually tested in this book. Tests on con-
sequences of assumptions on energv are weaker tests. which becomes apparent as soon as
one or more consequences are found to be not realistic epough. 1t can be quite a puzzie
to identify which of the assumptions about energy is the least usefu] one, The procedure,
however, allows one to include overbeads in parameter values without the obligation to
take the complete machinery apart for all species.

Despite the difficuities in interpretation of energyv fluxes. many attempts have been
made to measure them. A relatively successfui method is through the measurement of
respiration. One such empirical relationship is given bv Brafield and Llewellvn [85] for
aquatic animals:
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heat loss in J = (11.16 mg O, cons.) + {2.62 mg CO, prod.) ~ (9.4} mg NH, prod.)
Blaxter [73] advises replacement of the last term by —.(5.93 mg N} ~ {3.39 mg CH,) for'
mammals and bv —{1.2 mg N) for birds. The justification of these conversions to energy
rests on the idea of homeostasis. This makes the refationship berween_engrgy fluxes land gas
exchange to some extent species-specific. The ratio bmwee‘n cgrbon dlgx]de production ;md
OXVgen consumption on a molar basis is known as the respiration quotient (RQ). Comp e;e
combustion of fat gives a respiration coefficient of 0.71. starch gives 1.0 and. meat proteiu
gives 0.82 [324]. The respiration coefficient thus gives (partial} mformauoq aboutrt.h(j
cornpounds that are combusted. If the composition of the combusted I‘ﬂul(‘l‘li.i] remrux%h
the same, so that the respiration coeflicient is constani. the oxygen consumption rate Is
proportional to the energy used. ' ]
Von Bertalanflv [64] related the respiration rate to the rate of anabolism. | cgm:ot fol-
iow this reasoning. At first sight. svnthesis processes are reducing h_\'. nature. which makes
catabolism a better candidate for seeking a relationship with resplr-auon. iu L}.le sujm.-
dard static budget studies, respiration rates are identified with routine mmab(.Jh(‘ (:mt%\.
Routine metabolic costs are a lump sunt including the maintenance of co:.wentr;‘mon gradi-
ents across membranes. protein turnover. regulation. transport {blood circulation, muscle
tonus). and an average level of movement. The Scope For Growth (SFG) .concept rests o
this identification. The idea behind this concept 1s that energy contained in facces and t'h(’
energy equivalent of respiration are subtracted from energy derived from f“Od' the rcm;:ilx}-
der being available for growth [46]. In the DEB model. u‘her-s‘ energy .den\'ed'fmm fgo 115‘
added to the reserves. the most natural candidate {or a relationslip with respiration 1s tiu
rate at which the reserves are used. o
This interpretation is also not complerely free of pruhl(‘m.‘u.‘ even if the reslnranon.
measurenients are done on animals that are not digesting at tho.umu. Some Qf T,he encrg‘\-
used from the reserves is pot iost, but is fixed in the structural l)l()volumg. This .sntroducgh
some double counting. However. it seems realistic to assume that this ﬂow.:s sm.all in
comparison to the overheads of the anabolic processgs. .Th1s is a rather f:rumal Pom; 1::
the interpretation of respiration rates. Although respiration rates are measuvn‘z(‘l .o}\jt’tr ls :Oh-
periods (typicallv a couple of minutes) and the actual l,r_froth of the body {s.;] e’.o u cl“
negiigible, the energy invested in the growtn process i h}‘ 11(. nieiLns IlC{Il:gll. \ sn;r'u;
Parry [531] estimares the cost of growth between lf‘aml 29% of ‘the meta Ki- 1:3:11 ::q(&.,-
‘average’ ectotherm population. The respiration rate includes TOUUH(‘ m.etab(f‘u (‘(t)l. _SFC
well as costs for growth [619]. This interpretation is, therefore. mcomp.at]ble u'n.!.1 Llo tl;
concept. Since the DEB model does not use respiration rates as a primary xar;]a‘ e, : 1]
interpretation problems concerning respiration rates onlyv play 2 role in testl.ng the model.
In the next chapter. ] will argue that routine metabolic costs are proportional to struc-
tural biovolume, {76}. heating costs to surface area. {78}.. and gr(?wtl? costs to hvolgm(’
increase, {80}. 1 will show that these assumptions result in .a.resplratlon rate that 'f; ii
weighted sum of surface area and volume in stez.i.dy state conditions for the restrzrv;fl. N “
is, for all practical purpuses, numerically indistlngglshable from the W(il} known I\;:l tcge
rule, that takes respitation to be proportional to x.veaght to the power 0.75 or !engtKl (')bérs
power 9/4: see figure 2.9. There are three major 1mprovements. in conllpanson u? eib
rnle- this madel does not suffer from dimensional problems, it provides an explanation
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F?gure 2.9: The respiration rate of Daph- o
nia priez with few eggs at 20 °C a¢ a func-
tion of length. Data from Richman [595].
The DEB model based curve 0.03361% + e
0.01845L as well as the standard allomet.
ric curve 0.0516224%7 have peey plotted

:
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L
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f
oD top of each oth i e |
ach otner, but they are so sim. [
|

cgnsumertion,
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Hlar that this is hardly visible. Looking o.a4
ha.r‘d, you will notice that the line width
varies a littje.

Figure 2.10: The Arrhenius plot for the ‘
development time for eggs of the water- 7 )
flea Chydorus sphaericus, i.e. the time be- f |
tween egg laying and hatching. Data from -
Meyers [482].
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rather than ipti i
ot s thas ?hdescrlpthn apd 1t aq'ommodates species that deviate from Kleibers rule
otherms. This will be diseussed later in somewhat more detail, {103} . l

2.6 Temperature

All physiological rates depend on the tem

wratlre : pecies i
of 1ot 1 p ] of the hoay. For a species-specific range

ption proposed v Arrhenius in 188G, see e.p 260", usually fies

well:
_ ‘ T
FTi=kiTyespd 20 2 13
L hexr |7, y f {2.13)

where T is the absolute temperature {in kelvig)
parameter known as the Arrhenjys temperature
line results with siope T4: see figure 2.10.
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Figure 2.11: The Archenius

plot for reproduction, inges- L -

tion, von Bertalanffy growth L ¢ e

and Weibull aging of Daphnta | i < ceoromuct om
magna; from [415). The Ar- i . In youngsd
rhenius temperature is 6400 E \ 3

K. ¢ males, D females. Food: g N \

the algae Scenedesmus sub- b AN \

spicatus (open svmbols) or = | -

Chlorella pyrenoidosa (filled : . - R
svmbeols). The ingestion and ; ‘ o neies
reproduction rates refer to 4 i T ” - S ner
mm individuals.

the critical energy E, 1o react.

Eyring [260] studied the thermodvnamical basis of the Arrhenius relationship in more
detail. He came to the conclusion that this relationship is approximate for bimolecular
reactions in the gas phase. His absolute rate theory for chemical reactions proposes a more
accurate description where the reaction rate is proportional to the absolute temperature
times the Boltzmann factor. This description. however. is still approximate [260.320:.

The step from a single reaction between two tyvpes of particles in the gas pliase o
physiological rates where many compounds are involved and gas kinetics do not apply i
of course. enormous. If, however. each reaction depended in a different way on temperature.
cells would have a hard time coordinating the different processes when the temperature
Huctuated. The Arrhenius relationship seems to describe the effect of temperature on
physiological rates with acceptable accuracy in the range of relevant temperatures. Due to
the somewhat nebuious application of thermodynamics to describe how physiological rates
depend on temperature, | prefer 1w work with the Arrhenius temperature. rather than the
activation energy. | even refrain from {he improvement offered by Evring's theory, because
the small correction does nar balance the increase in complexity of the interpretation of
the parameters for bivlogical applications.

Figure 2.11 shows that the Arrhenius temperatures for diffierent rates in a single species
are practicallv the same. which again points to the regulation problemn an individual would
experience, if they were different Obvicusly, ammals cannot respire more without eating
more.

In chemistry, activation energy is knowp to differ widely berween different reactions.
Processes such as the incorporation of '*C-leucine into protein bv membranc-bound rat-
liver ribosomes have an activation energy of 180 kJmol™! in the range 8-20 °C and 67
kJmol™ in the range 22-37 °C. The difflerence is due to & phase transition of the membrane
lipids, [723] after |10{. Manyv biochemical reactions seem to have an activation energy in
this range |680]. This supports the idea that the value of activation energy is a constraim
for functional enzvmes in cells,

Table 2.3 gives Arrhenius temperatures for several species. The mean Arrhenius tem-
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development of 35 species (790] and the von Bertalanffv growth of 250 species [410]. The
value is in the upper range of values usuallv applied. This is due to the fact that many
experiments do not aliow for an adaptation period. The problem s that many enzvmes
are changed a little when temperature changes. This takes time, depending on species and
body size. Without an adaptation peniod. the performance of enzvmes adapted to one tem-
perature is measured at another temperature. which usuallv resulis in a !
temperature being measured.

At low temperatures, the actual rate of interest is usually lower than expected on the
basis of {2.13). 1f the organism survives, it usually remains in a kind of resting phase.
until the temperature comes up again. For many sea water species, this lower boundary
is between 0 and 10 °C. but for terrestrial species it can be much higher: caterpillars of
the large-blue butterfiy Maculinea rebels. for iustance. cease growth below 14 °C [200].
The lower boundarv of the temperature tolerance range frequently sets boundaries for
geographical distribution. Reef building vorals onhy occur in waters where the temperature
never drops below 18 °C. .

At high temperatures. the organism usually dies. Ar 27 °C, Daphnie magna grows very
fast, but at 29 °C, it dies almost instantaneously. The tolerance range is sharply defined at
the upper boundarv. Nisbet [509] gives upper temperature limits for 46 species of protozoa.
ranging from 33 to 58 °C. The width of the 1olerance range depends on the species; manv
endotherms have an extremely small one. Thermoplilic bacteria and organisms living in
deep ocean thermal vents thrive at temperatures of 100 °C or more.

Sharpe [644.651] proposed a quantitative formulation for the reduction of rates at low
and high temperatures. on the basis of the idea that the rate is controlled 1
that has an inactive configuration at low and high temperatures. The reaction to these
two inactive configurations is taken to be reversilile witl rates depending on temperature
in the satne way as the reaction that is catalized bv the enzvme. however the Arrhenius
temperatures might differ. This means that the reaction rate has to he multiplied In the
fraction of enzvme that is in its active stare. which j» assumed (o
vaiue. This fraction turns out to be

ower Arrhenius

IV dll enzyvinge

be b its equilibrium

Tar Tay } / Tow  Tapyy! ‘
1 \ —_ = =) ey ¢ el o 2T 9.
( +E\p{ - ex] T }] {2.14)

T J/
where T and Ty relate to the lower and upper boundaries of the 1olerance range and T ;
and Ty p are the Arrbenius temperatures for the rate of decrease a1 both houndaries, All
are taken to be positive and all have dimension temperature. We usually find Ty 3 Ty .
The fraction of enzvine that is active is ciose to ] between T, and Ty for realistic values
of these four temperatures.

Many extinctions are thought to be related to changes in temperature. This is the
conclusion of an extensive study by Prothero. Berggren and others [371] on the change in
fauna during the middle-late Eocene {40-41 Ma ago). This can most easily be understood
if the ambient temperature makes excursions outside the tolerance range of a species. If a
leading species in a food chain is a victim, many species that depend on it will follow. The
wide variety of indirect effects of chanees in temnerature ramnlicate a dotailod amalveie
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i alé : tother-
Table 2.3- Arrhenius temperatures as calculated from literature data on the growth oi;‘or'toalupk
r e i 3 1 o= v, ~
ic organisms. The values for the mouse cells are olaned from Pirt [357). The other
mic 5.

were obtained using linear regressions.

species Tange T4 e of SOUTCe
(=Ch (K] data
1
Eschericha colr 23-37 6390 pop. growth [[j?)[l'i
Escherchia cols 26-37 5031 pop- prm\:th b
Escherichie colt 12-26 141‘355 poj. gnm.‘;: [350]
Psvchrophilic pseudomonad 12-30 63.}2' pop. grm\.t; 0l
PS‘\'ChI‘Opl]“iC pseudomonad 2-12 1]‘:)..5 por. grn\\vL}l ol
Klebstellu gerogenes 20-40 T_]o‘:l pop- grn\\'t }1 [724i
Aspergillus mdulans 2037 -(_1-1._} 1op. grov.}}n i%_ﬂ
9 gpecies of algae 13.5-30 654"1 pap. gm\x'l 1 ]
mouse tissue cells J1-38 13831 pop. gmuri: iasﬁi
Nats varabihs 14-29 HEY pop. growth _12?5]
Pleurobrachia pieus a-20 100000 Beru grnv.:th ) |
Mya areneria 7-15 13000 Bert. grmx-th Hlm
Dtilphma magna 10-26.5 6400 Bert. grm\'th Hmi
Certodaphnie reticulaty 20-26.5 6400 Bert. grm\.l? hs”
Calhopius laeviusculus 6.5-1 1%-15:1{1 ﬁen.:{::\r;v;lt 1 i3171l
=17 HSH s
f;r:‘;':‘:;ii‘:“h“ 6.-31~1!~ BIG Lin. growth larvae 167?]
J(Jgr;;ﬁm edul & C.alaucum 10-30 w00 l¥n, growil lar\:av‘ 1[;28}1
Scophthalmus manmum 5-15 15000l grmv.th lar.\;u]I i4GTI
25 species of hsh 6-20 11150 vmbr_\'omc perioc msqi.
, honus calyeiflorus 15-23 7800 f‘mbr_\'un!r per?od |:18§]
f:::;:::m ispiaaérréux 10-30 GeO0 eznhr}'()rlz‘c perfnd i(;ggi
C'a;zthocampus staphylmus 3-12 10040 (‘.mbrvnnfc perifodl ‘{Gggi
Morarie mrazek: T-16.2 13000 embrvonic petioc
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I&bti.:‘l; 'Ir‘::r ::im ?gljtéalanﬁy growth rate for the waterfleas Ceriodaphnia reticulata and Daph-
, at different temperatures in the lab v i
length ot Bires by aperer o poapares | e laboratory both having abundant food. The

Cerlodaphnia reticulato Daphnia megne

temp

gr?wth s.d. uitimate s.d. growth  s.d. ultimate s.d

" Al 1e . length rate length
2 a mm mm a”! a™! mm mm

_— -
10
¢ 15.3 1.4 1.16 0.16

;g 2?.4 4(i .14 011 25.9 1.3 4.27 0.06

49.3 3.3 1.04 (.09 38.7 2.2 4.44 U-OQ

24 57.3 2.6
26.5 74.1 4.4

1.06 0.01
0.95 0.02

0.06
0.06
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As ] I o
by temap?:ziudf};prsoc,?lﬁi?o;l ;1} n rolal_ism' Lo assume that all phvsiological rates are affected
o o Acce!e;amom i~ ‘ldrlghf 1{:1 Vlemperamro‘ Amounts o a simple transformation
ot m”ecrea.ﬁ.)r L1 as the aging acceleration that will be introduced on {107},
_)}(T) Y jc'(;rl)exp{;of {.T,?mp;rfi,mm dlﬁr“ren(res by application of the squared factor, so
from & ratie s o m_[e: SU, ) :h IdJ b It will he argued, {81}, that ultimate size results
in the somoof Tab};“) 41 ; f?u lnm depend on thv- temperature if al! rates are affected
andaame, Co_n.dmom 2 !r‘otn rl?fh this for two species of daphnids cultured under wel]
by Bever e 08 amw}-,é:i( I‘.l )u[;l;m‘nl foud [410] This 1s consistent with the observation
years o the a7V pml‘ Uf{;t; r.{?;. =tllmljrth-v \\"Ei“f‘_\"!‘ {flzus.’.‘edzon 1{:treum matures ar 2
while the o outhe ange In-lexas and at T oor ¥ vears in northersn Canada,
at maturation of this fish is the same throughout its ranme.

Ultimate sizes

zes are, however {requentiv o ;

, T, ently found 1o decrease with inere

The reason is ue. e A decrease with incre asing temperature.

1ally tiar the feedine rare ases w

peratures. food s lioe 7 ~ Tate ancreases with temperature. so ar higher tem-
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differences are indistinguishable for practical purposes. If the reference temperature is
20 °C, or Ty = 293 K, Qo varies from 3.49 to 2.98 over the full temperature range for

T, = 10000 K.

2.7 Life-stages

Three life-stages are to be distinguished: embryo, juvenile and adult. The triggers for
transition from cne stage to another and details of the different stages will be discussed
later, {97}. This section serves to introduce the stages

The first stage is the embrvonic one, which is defined as a state early in the development
of the ndividual. when no food is ingested. The embrvo relies on stored energy supplies.
Freshly laid eggs consist, almost entirely, of stored energy. and for all practical purposes,
the initial volume of the embryo can realistically be assumed to be negligibly small. At
this stage it hardly respires. ie. it uses no oxygen and does not produce carbon dioxide.
(The shells of bird eggs initially produce a little carbon dioxide [77,294].) In many species,
this is a resting stage. Although the egg exchanges gas and water with the environment. it
is a rather closed svstem. Foetal development represents an exception, where the mother
provides the embrvo with reserve material, such as in the placentals and some species
of velver worm Perpotus. Complicated intermediates between reproduction by eggs and
foetuses exist in fishes [781.782] reptiles and amphibians [71.555.684]. The evolutionary
transition from egg to foetus occured many times independently. From the viewpoint of
energetics, foetuses are embryvos because thev are not taking food. The digestive system
is not functional and the embrvo does not have a direct impact on food supphes in au
ecological sense. The crucial difference from an energetics point of view is the supply of
energy to the embryo. In lecithotrophic species. nutrients are provided by the volk of the
ovurn, whereas in matrotrophic species nutrients are provided by the mother as the foetus
grows, not just in viteliogenesis, The fact that eges are kept in the bodyv (viviparity)
or deposited into the environment loviparitv) is of no importance. (The difference 15 of
importance in a wider evolutionary setung. of course.? As in eggs. a number of speciex of
mammal have a developmental delay just after fertilization. called diapause [650].

The second stage is the juvenile one. in which food is taken but as vet resources are
not allocar d to the reproductive process. In some species, the developing juvenile takes a
sequence o 1vpes of foud ar sizes of food particles. Most herbivores. for instance, initially
require protein rich diets which provide nitrogen for growth. ¢f. {60}, Some species. such as
Otkopleuru. seem to skip the juvenile stage. It does not feed as a larva, a condition known
as lecithotrophic, and it starts allocating energy to reproduction at the same moment as
feeding. The larva 1s a morphologically defined stage. rather than an energy defined stage.
If the larva feeds. it is here treated as a juvenile, if not, it is considered to he an embrvo.
So, the tadpole of the mouth-breeding frog Rheobatrachus, which develops mto a frog
within the stomach of the parent. should for energy purposes be classified as an embryvu,
because it does not feed. Parthenogenetic aphids have a spectacular mode of repraduction:
embryos producing new embrvos [383] cf. {171}. Since aphids are oviviparous, females
carry daughters and grand daughters at the same time. The juvenile stage is lacking and
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the embryo stage overlaps with the adult one.

The word mammal refers to the fact that the voung usuallv receive milk from the
mother during the first stage after birth, called the baby stage. The length of the baby
stage varies considerably. 1f adequate food is available, the guinea-pig Cavta can do withou-t
milk |656]. At weaning the voung experience a dramatic change in diet and frequently
the growth rate drops substantiallv. Few biochenical conversions are required for milk t;)
become building blocks for new tissue. The baby. therefore, represents a tran ition stage
between embryo and juvenile. The baby stage relates to the diet in the first 1 :stance, cf.
{60}, and not directly to a stage in energetic development, such as embrvo and juvex;ile.
This can best be illustrated by the stoat Mustela erminea. Although blind for some 35-45
days, the female offspring reaches sexual maturity when only 42-5G davs of age, before
they are weaned. Copulation occurs whilst thev are still in the nest [384.656).

Asexually propagating unicetlulars take food from their environment. though thev do
not reproduce in a way comparable to the production of eggs or voung bv mos: multicel-
lulars. For this reason, I treat them as juveniles i this energetics classification of stages.
Although 1 realize that this does not fit into standard Liological nomenclature. 1t is a logical
cousequence of the present delineations. I do not know of better terms to indicate energy
defined stages, which poiuts to the absence of literature dealing with the individual-based
energetics of both micro-organisms and multiceliulars. This book will show that both
groups share enough features to trv to place them inte one theoretical framework. Some
multicellulars, such as some annelids and triclads, propagate also bv division. Some of
them sport sexual reproduction as well. causing the distinction between both groups to
become less sharp and the present approach perhaps more amenable. Some authars think
that ciliates stem from multicellulars that have lost their cellular boundares. This feature
is standard in fungi and acellular slime molds. Some bacteria have multiceliular tendencies
[650]. So no sharp separation exists between unicellulars and multicellulars.

The eukarvotic cell evcle s usually partitioned into the interphase and the mitotic
Pha.sc, which is here taken to be infinitesimally short. The interphase is further partitioned
into the first gapphase. the svnthesis phase (of DNa} and the second gapphase. Most cell
components are made continuousiv through the imterphase. so that this distinction is less
rg]evant for energetics. The second gapphase i~ usnally negligibiv short in prokarvotes.
Since the svnthesis phase is initiated upou exceeding a certain cell size. size at division
depends on growth conditions and affecis the population growth rate. These phenomena
will be discussed in detail.

Holo-metabolic insects are unique in having a pupal stage between the juveniie and
adult one. It closely resembles the embrvonic stage from an energetics point of view,
Ff' {151}. Pupae do not take food and start the svnthesis of (adult) tissue from tinv
imaginal disks. A comparable situation occurs in phvia such as echinoderms. brvozoans.
sipunculans and echiurans. where the adult stage develops from a few undifferentiated cells
of the morphologically totaliv different larva. Williamson [771] gave intriguing arguments
for interpreting this transition, called cataclvsmic metamorphosis, as evidence that the
larval stage has been acquired later in phylogeny from, sometimes. unrelated taxa. In
some cases, the larval tissues are resorbed. so converted to storage materials, in other cases
the new stage develops independently. When Luidta sarsi steps off its bipinnaria larva as a
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tinv starfish, the relatively large larva swims actively for another 3 months. [702} in [771].
Some jelly fishes (Scyphomedusae) alternate between an asexual stage, small sessile polyps.
and a sexual stage, large free swimming medusac. Many parasitic trematods push this
alternation of generations inte the extreme. From an energetic perspective, the sequence
embrvo, juvenile is followed by a new sequence. embrvo. juvenile. adult, with different
values for epergy parameters for the two sequences. The coupling between parameter
values is discussed on {217},

The third stage is the adult one. which allocates energy to the reproduction process.
The switch from the juvenile to the adult stage. puberty. is here taken to be infinitesimally
short. The actual length differs from species 1o species and behavioura) changes are also
involved. The energy flow to reproduction is continuous and usually quite slow, while
reproduction itself is almost instantaneous. This can be madelled by the imtroduction of a
buffer, which is emptied or partly emptied upon reproduction. The energy flow 1n females
is usuallv Jarger than that in males. and differs considerably from species to species.

Most animal taxa have two sexes. male and female, but even within a set of related taxa,
an amazing variety of implementations can oceur. Some species of molluse and annelid for
instance. are hermaphrodite. being male and female at the same titne: some species of fish
and shrimp for instance. are male during aune part of their life and female during another
part; some have very similar sexes while other species show substantiu} differences between
male and female: see figure 2,12, The male can be bigger than the female. as in many
maminals, especialiv sea elcphants. or the reverse can ovcur. as in spiders. Nlales of some
fisb. rotifers and some echiurans are very tny. compared to the female. and parasitize in
or on the female or do not feed at all. The Jatter group combines the embrvo stage with
the adult one. not unlike aphids. As will be explained 1 the chapter on the comparison
of species on {217}. differences in ultimate size reflect differences 1w values for energy
parameters. Parameter values. however. are tied to each other. because it is not possible
to grow rapidly without eating a lot (in the long runi. Differences in energy budgets
between sexes are here treated in the same way as differences between species.

In somie species a senile stage exists. where Tepraduction diminishes or even ceases.
This relates to the process of aging and 1= discussed on [105}. An argument is presented
for why this stage caunot be considered as o natural next stage within the context of DEB
theory.

The summary of the nomenclatnre used here reads:

embryvo fuvenile adult

L 1 |
f ‘ ‘ |

haby weaning puberty

fertilization birth
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Chapter 3

Energy acquisition and use

This chapter discusses the mechanistic basis of different processes which together constitute
the Dynamic Energy Budget (DEB) model. The next chapter will summarize and simplify
the model and evaluate consequences at the individual level. Tests against experimental
data are presented during the discussion to examine the realism of the model formulations.
and also to develop a feeling for the numerical behaviour of the model elements. The next
chapter presents additional tests that involve combinations of processes. The sequential
nature of human language does not do justice to the many interrelationships of the pro-
cesses. These interrelationships are what makes the DEB mode] more than just a collection
of independent sub-models. I have chosen here to follow the fate of food. ending up with
production processes and aging. This order fits “supply’ systems, but for ‘demaund’ svstems.
another order mav be more natura!. The relationships between the different processes is
schematically summarized 1 figure 3.1

The details and logic of the energy flows will be discussed in this chapter. and a brief
tntroduction will be given below.

Food is ingested by an animal, transformed into faeces and egested. Energy derived
from food is taken up via the blood. which has a Jow capaciry for energy but a high trans
portation rate. Blood exchanges energy with the storage. and delivers energy to somatic
and reproductive tissues. A hxed part. «. of the utilization rate. i.e. the energy delivered by
the blood, is used for [somatic) maintenance plus growth, the rest for development andjor
reprocuction. The decision rule for this fork 1s called the k-rule. Maintenance has priority
over growth, so growth ceases if all energy available for maintenance plus growth is used
for maintenance. Energy used for development in embryos and juveniles is similarly parti-
tioned into maintenance of a certain degree of maturation and an increase in the degree of
maturity. The energy spent on increasing the degree of maturity in juveniles is allocated
to reproduction in adults.

Substrate is taken up and processed by unicellulars {including prokarvotes} in a way
conceptually comparable 10 food by animals. although defecation and utilization share
partlv the same machinery 1o mobilize energy. The coupling between mass and energy

fucrne marticlnrls salacmnt t0 misra.nrmanieome ic dicencend an (1071
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II;Jagurc 3._1: Energy fluxes through a heterotropl. The rounded boxes indicate sources or sinks
. tcsl 3.7, 8.9 and 10 also contribute & bit to heating. but this js not indicated in orc; L
simplify the scheme. L o
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3.1 Feeding

F?edmg 18 part of the behavioural repertoire and. therefore. notoriousiv erratic compared
.mt.h other processes involved in energetics. Tle three main factor that determine feed-
Ing rates are body size. food availahilinv and temperature. 11 different :\'p«"\.uf food are
available. many factors determine preferences. ¢ relative abundances, size and a( (-} 'dn'
putterns, which relate to experience and nutritional aspects. For mmvm ot - censible
to express food availability per surface area of environment. for o[h-ers food per volume
makes mor'e sense. and Intermediates also exist. Body size of the organism and spatial
heltcroge'ncm' of the environment hold the kevs to the classification. F?aod a\'ai}abiiif\' for
krill, which feed on algae, is best expressed in terms of biomass or biovolume per volume of
water._ because this links up with processes that determine filtering rates. The spatial scale
at which algal densities differ is large with respect to the body r‘sizo of the k‘rill Bi.ileen
whales, which feed ou krill. are intermediate between surface and volume feedorq. because
some dive below the top laver. where most algae and krill are located. and sweP]; ‘the émire
column to the surface: so it does not matter where the krill is in the (:olumnl Cows and

lions ‘pically lability i
ons are u pically surface feeders and food availability is mest appropriately expressed in
terms of biomass per surface area. )

species 1T 1s sensible

. d'rhesi cqnmderatwns refer to the relevance of the dimensions of the environment for
eding, be 1t surface or volume. The next section discusses the relevance of the size of the
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3.1. Feeding 5

organism for feeding. The significance of food density returns in the section on functional
response.

3.1.1

The methods arganisms utilize to get their meal are numerous: some sit and wait for the
food to pass by. others search actively. Figure 3.2 itlustrates i small sample of methods,
roughly classified with respect to active movenicnts I proev and predator. The food items
can be very small with respect to the body size of the ndividual and rather evenly dis-
tributed over the environment. or it can oceur in a few big chonks. This section mentions
brieflv some feeding strategies and explains why feeding rates tend to be proportional to
the surface area. when a small individual is compared to a large one of the same species,
(Comparisots between species will be made in a separare chapter. {21731

Bacteria. fioating freely in water, are transparted even bv the swmaliest current, which
implies that the current relative to the cell wall is effectively nil. Thus hactena mst obtain
substrates through diffusion. {141}. or attach to hard surfaces (filmst or cach other (Hoes)
to profit from convection. whick can be a muck faster process Some species develop more
flagellae at low substrate densities. which probably reduces diffusion limitation (Dijkhuizen.
pers. com.}). Uptake rate is directly proportional 1o surface area. when the carriers that
bind substrate and transport it inte the cell have o constant frequency per unit surface
area of the cell membrane (3.104]. Arthrobacier changes from a rod shape into a small
coceus at low substrate densities to improve its surface area to voluine ratio. Caulobacters
do the same by enhancing the development of stalks under those conditions [5G0].

Some fungi. slime molds and bacteria glide over or through the substrate releasing,
enzvines and collecting elementary compounds via diffusion. Upon arrival at the cell
surface. the compounds are taken up actively. The bakers” veast Succharomyces ceremstar
tvpically Jives as a free fioating, budding unicellular. bur under nitrogen starvation it
can switell to a filamentous muiticellular phase. which can penetrate solids 13207 Mauy

Feeding methods

protozoans engul{ particles (a process known as plagoeyiosis] with their outer memhbrane
fagain a surfacer. encapsulate thewr into 2 feedine vacuole and digest them via fuston with
bodies that contain enzvines {lvsosomesi. Such organisins are usually also able 1o take up
dissolved organic material, which is much easier o quantify. in gant cells. such as the
Antaretic foraminiferan Netodendrodes. the uptake tate can be measured directly and i
found to be proportional to surface area [161,. Ciliates usc a specialized part of their
surface for feeding. which is calied the evtostomne’s isomurphic growth here makes feeding
rate proportional to surface area again.

Marine polvchactes. sea anemones, sea lilies and other species that feed on blind prey
are rather apathetic. Sea lilies simply orient their arms perpendicular to an existing current
(if mild) at an exposed edge of a reef and 1ake smail zooplankters by grasping them one by
one with many tinv feet. The arms form 2 rather closed fan in mild currents, so the active

Figure 3.2: A smali sample of feeding methods classifiec] with respect 1o the moving activities of
nrev and nredator.
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prey inactive
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Figure 3.3: Filtration rarc as function of
shell length, L. of the blue mussel Mytilus
edulzs at constant food densizy (40 x 10° cels
17! Dunahelle marng) at 12 °C. Data from
Winter [774). The least squares fitted curve
is {FIL2, with {F}= 6.041 (s.d. 6.75% 10-%)
lh~lem—2,

Figure 3.4: Lettuce intake as & function of
shell length. L. ju the pond snail Lymnera
stagnaits at 20 °C {785). The weighted least
squares fitted curve is {7} 2% with {7} = 2.81
is.d. 0.093) em?d-fem-2.

area s proportional to the surface area of the animal.
E}lie std.e hran.ches of their two tentacles using cells which are among the most complex in
¢ animal kingdom. Since the length of the side branches as well as the tentaces are

pl‘UpOI'tiona] 1o Ll](’ leﬂg”l O t,h a[li]nﬂl Y i i
N Lll(‘ encounter I”(}bahlil T s Projx IL. Q
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Sea-goeseberries stick plankters to

Filter feeders. such as daphnids. copepods and larvaceans. generate water currents of ¢
strf.-eng.th that is proportional 1o their surface area [100]. because the Rapping fre uezicv oc;
?.heu hmb§ or tails is about the same for small and iarge mdividuals {563), ar:d tl?o current
18 proportionai 1o the surface arca of these extremities. {Allumetrie regressions of currents
gave a propertiorality with fength 1o the power 1,74 (901 or 1.77 ’lrt?G‘i ~in (iaplmids II‘
\'mw'of the scatter. thev are in good Agrecent jo i _nnqu-:rnmml1r\' with sepiared i(-u‘ ‘th j
Th.(! mge‘s‘uou rate 15 proporticnal the enrrent. so o squared length. Allomertric reures.fioriu
of mgesm(';l‘n rates resuited in 4 proportionality with length to the power 2.9 14680, 1 ’566]h
2.4*}3 [165.;.' 2.4 [529] in daphnids. This wide range of values illustraies the lirriitedJ.derr[reo of
replicatability of these type of measurements. This is partly due to the inherent \'ari:bilit\'
of the feeding process, and partly to the technical compiications of measurement F;edin.
rate depends on foed density. as will be discussed. {63}. while most measurcmom‘ method[i
m.ake use of changes of food densities so that the feeding rate changes during measurement\
Figure 3.11 illustrates resuits obtained with an advanced technique that circumvents th'l
problem [209]. o

The details of the

. . filtering process differ from group to group. Larvaceans are filterers
in the strict sense, they remove the big particles first with a coarse filter and collect th;s
small ones with 2 fine mesh. The coliected particles are transported to the mouth ‘in a
mucous stream generated by a special organ. the endostyle. Copepods take their minute
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food particles out of the water, one by one with grasping movements [732]. Daphnids
exploit centrifugal force and collect them in a groove. Ciliates. brvozoans, brachiopods,
bivalves and ascidians generate currents not by flapping extremities, but by beating cilia
on part of their surface area. The ciliated part is a fixed portion of the total surface area
1227], and this again results in a filtering rate proportional to squared length; see figure
3.3

Some surface feeding animals, such as crab spiders. trapdoor spiders, mantis, scorpion
fish and frogs. lay an ambush for their prev. who will be snatched as soon as they arrive
within reach, i.e. within a distance that is proportional to the length of a leg or jaw or
tongue. The catching probability is proportional to the surface area of the predatory
isomorphs. When aiming at prev baving rather keen eve sight, they must hide or apply
camouflage.

Many animals search activelv for their meal. be it plant or animal. dead or alive.
The standard cruising rate of surface feeders tends te be proportional to their length.
because the energy investment in movement as part of the maintetrance costs tends to be
proportional to volume. while the energy costs for transport are proportional to surface
area; see {63}. Proportionality of cruising rate te length also occurs if limb movement
frequency is more or less constant [570]. The width of the path searched for food by
cows or snails 18 proportional to length if head movements perpendicular to the walking
direction scale isomorphically. So feeding rate is again propurticnal te surface arca, which
is illustrated in figure 3.4 for the pond snail.

The duration of a dive for the sperm whale Physeter macrocephalus, which primarily
feeds on squid. is proportional to its length. as is well known to the whalers {752]. This can
be understood. since respiration rate of this endotherm is about proportional to surface
ares, as I will argue on {103}, and the amount of reserve oxvgen proportional to volume
on the basis of & homeostasis argument. It is not really obvious how this translates into
feeding rate, if at all: large individuals tend to feed on large prev. which tend occur less
frequently than small prev and depends on depth. Moreover. time investment in hunting
can depend on size as well. If the dailv swimming distance during hunting would to be
independent of size. the searchied water volume 15 about propertional 1o surface area for a
volume feeder such as the spertn whale. If the 1otal volumie of squid per volume of water is
about constant. this would imply that feeding rate 1s about proportional 1o surface area.

The amount of food parent birds feed per nestling relates 1o the requirements of the
nestiing. which is proportional to surface area: figure 3.5 illustrates this for chickadees.
This is onlv possible if the nestlings can make their needs clear to the parents, by crying
louder.

Catching devices, such as spider or pteropod webs and larvacean filter houses [13L.
have effective surface areas that are proportional to the surface area of the owner.

Ali these different feeding processes relate to surface areas in comparisons between dif-
ferent body sizes within a species at a constant low food density. At high food densities, the
encounter probabilities are no longer rate limiting, but digestion and other food processing
activities involving other surface areas, for example the mouth opening and the gut wall.
The gradual switch in the leading processes becomes apparent in the functional response.
i.e. the ingestion rate as function of food density, {63}.
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Flgure_S.S: The von Bertalanffy growth curve applies to the black-capped chickadee, Parus
atricapsllus (left figure, data from Kluyver [392.671]. Brood size was a modest 3.} The ‘amount
of food. ffad per mg]e {) or female (o) nestling in the closely related mounta.in. chickadee, P
gambe_h, 18 proportional to weight?/? (right figure), as might be expected for individuals ;hatl
grow in a von Bertalanffy way. Data' from Grendel [277,671]. The last five data points were not
included in the fit, because of transition to independent food gathering behaviouf -

3.1.2 Selection

(}):;ett'::.:)lz oit;egrrnc;w;l;;ni r.epm?’uc_t:on patterns can only be understood in relation to selection
omnd ! ¢ (')'u:e of diet. The Teverse refationship holds as well, especially for
];Ian systgms. I will, therefore, mention some aspects briefiy.
it gyeii);(ﬁ:;ischange thglr diet du.ring dfvelopmetnt In relation to their shifting needs
i ! on protein s‘\A'n-thems du‘rmg the juvenile period and on maintenance
g the a u.lt one. Mammals live on milk during the baby stage, cf. {30}. The male
emperor penguin Aptenodytes and mouth-brooding frog Rhmoderma r;fm*wzmz rovide thei
young initially with a secretions from the stomach. Plant eating ducks live onpinse‘ctq d:r
?gl the first perioq after hatching. The first hatching tadpoies of the alpine salarﬁ;tnd;;
b; i;r;zgdﬁrt;tf live on thei‘r siblings inside the mother. where they are also supported
dovopedl The stz'nrepr’odurtwo organs. an.d tl.'m 1-4 winners leave the mother when fully
e (710 ‘and - 19]1;\ :{e of prcna.ta! cannibalism seems to occur in the coelacanth Latrme-
e ;hark; A:aora ; .frl\:: (San(]‘mgvr Shal{'ks Gdontasprdac, mackere! sharks Lammdac.
ofooriog oo Hun{erzlzlz a(i [581] ! Some species of poison dart frog Dendrobates feed their
o 127 128 Manl llz‘e( 'eggs in the \s-a,r,er-ﬁlled leafl axils of bromeliads. high up iu the
e ot 18 J; \ quemlr holo-motabohc‘ mnsects live ou different tvpes of food than
ults. Many wasps, for instance, are carnivorous when Juvenile, whiie thev feed on nectar
as adult.s.. Prickleback fish change from being carnivorous to being hertﬁvofo
stage during development [167}. e
| S.omcf species select for different food items in different seasons apart from changes in
;i::;v; e:;);nd:nges.of t}.zne different food sources. This is because of the tight coupling be-
o e thp; ;;ed ;%Esj?oi The bearded tit Panurus biarmicus is a spectacular example;
cummer (676,75 Typha and .Phrfzgmttes fl'OII'l September to March and on insects in
,754). This cha..nge in fhet comes with an adaptation of the stomach which

is mich mara mucsnlae o oL
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verted to summer conditions, the bearded tit is unable to survive on seeds. The example
is remarkable because the bearded tit stays in the same habitat over the seasoms. Many
temperate birds change habitats over the seasons. Divers, for instance, inhabit fresh water
tundra lakes during the breeding season and the open ocean during winter. Such species
also change prey, of course, but the change is usually not as drastic as the one from insects
to seeds.

~

When offered different food items, individuals can select for type and size. Shelbourne
[652] reports that the mean length of Oikopleura eaten by plaice larvae increased with the
size of the larvae. Copepods appear to select the larger algal cells [695). Daphnids do not
coliect verv small particles. < .9 um cross-section [266]. or large ones. > 27 and > 71
s, the latter values were measured for daphnids of length 1 and 3 mm respectively |1 12].
Kersting and Holterman [381] found no size-selectivity between 15-1035 {and probably 165)
um? for daphpids Selection is rarely found in daphnids [601], or in mussels [226.7G7].

The relationship between feeding rates and diet composition gives a clue as to which
processes actuallv set the upper limits to the ingestion rate. An indication that the maxi-
mum ingestion rate is determined by the digestion rate comes from the observation that the
maximum ingestion rate of copepods feeding on diatoms expressed as amoun: of carbon i
independent of the size of the diatom cells. provided that the chemical composition of the
cells is similar [233], The maximum ingestion rate is inversely related to proteln, nitrogen
and carbon content fed to the copepod Acartio tonsa [338. The observation that the
maximum ingestion rate is independent of cell size on the basis of ingested volume 247
points to the capacity of gut volume as the limiting factor.

These remarks should make it clear that the quantitative details of the feeding process
cannot be understood without some uuderstanding of the fate of the food. This involves
the digestion process in the first place, but @ whole sequence of other processes follow.
Regulation of {maximum) tugestion depends by definition on the need in “demand” svs-
tems, which is especially easy 1o observe in species that lose the ability 1o grow, snel as
birds and mammals. Temporarilv elevated food intake can be observed in birds preparing
for migration or reproduction or in mammals prepanng for hibernation or in pregnam
mammals 731} For stmplicite's sake. these phenomena will not be modelled explicitly

Prokarvotes show a diversite and adapiabiliny of metabolic pathwavs which is huge in
comparison 10 that of cukarvotes. Manv bacteria. for example. are able 10 svnthesize all e
amino acids thev require. but will only du se if thev are not avalabie from the enviroumen
The fungus Asprradins niger only feeds on cellulose if no compounds are availabic i
are easier 1o decompose. Another example is growth on glicose limited media, Figure
3.6 illustrates that prolonped exposure to himiting amounts of glucose eventually results
in substantiallv improved uptake of glucose from the environment. The difference can
amount te a factor of 1000, The outer membrane 1s adapted 1o this specialized task ad
may jeopardize a rapid change to other substrates. This adaptation process takes many
cell division cycles. as is obviou- from the measurement of population growth rates. wlich
itself takes quite a few division cvcles.

The relationship between food quality and physiological performance is taken up agaiu
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Flgu[f_e 35.6: The poplflation growth rate of Escherichia colt on glucose hmited media. Schulze
é).'nh'l ipe’s culture [Bi?a]‘ ieft. had heen exposed to glucose limitation just prior to the experiment,
while that of Senn [648], right. haq been pre-adapted for a period of three months.

3.1.3 Feeding and movement costs

.As feeding methods are rather species-specific. costs for {eeding will also be species-specific
if th_ey contribute substantially to the energy budget. 1 will argue here thatucosts fo;
fegdmg and movements that are part of the routine repertoire are usually insignificant
with respect to the total energy budget. For this reason this subsection does not do Justice
to the voluminous amount of work that has been done on the energetics of mo.\'ernems a
field that is of considerable interest in other contexts. Alexander [9} has recently giver; a
most.readab]e and entertaining introduction to the subject of energetics and biomechanics
of animal movement. Differences iu respiration between active and non-active individuals
give a measure for the energy costs of activity. The resting metabolic rate is a measur;e
that excludes active movement. The standard or basal metabolic rate includes a ]D\\: level
gf movement ouly. The field metabolic rate is the dailv energy expenditure for free ranaing
individuals. Karasov {371] found that the field metabolic rate is abont twice the ctauc‘;ard
metabolic rate for several species of mammal. and that the costs for lncomotlo-n ranges
from 2—1.5% of the field metabolic rate. Mammals are amoung the more active speciesh
The respiration rate associated with filtering in animals such as larvaceans and ascidian;
was found to be less than 2% of the total oxygen consumption [223]. The circumstanc;
that energy investment into feeding is generallv small, makes it unattractive to introduce
many p-ara}meters to describe this investment. Feeding costs can be accommodated in two
ways within the DEB theory without introduction of new parameters. and this subsection
alms to explore 1o what extent this accommodation is realistic.

The first way is when the feeding costs are proportional to the {eeding rate. They
then show up as a reduction of the energy gain per unit of food. One can. however argu.e
that fejeding costs per unit of food should increase with decreasing food density IJ‘eca&se
of the increased effort to extract it from the environment. This type of costs cél; only be
accommodated without complicating the model structure if these costs cancel &gains.t an
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increased digestion efficiency, due to the increased gut residence time, cf. { 247}

The second way to accommodate feeding costs without complicating the model struc-
ture is when the feeding costs are independent of the feeding rate and propoertional to body
volume. Thev then show up as part of the maintenance costs, cf. {76}. This argument
can be used to understand that feeding rates for some species tend to be proportional to
surface area if transportation costs are also proportional to surface area, so that cruising
rate is propoftiona] to length, {59}. In thix case feeding costs can be combined with costs
for other types of movement that are part of the routine repertoire. A fixed (but generally
small) fraction of the maintenance costs then relates to movement.

Schmid:-Nielsen [638] calculated 0.65 m! Oy cm™" km ™! 10 be the surface area-specific
transportation costs for swimming salmon. on the basis of Brett's work {91]. (He found
that transportation costs are proportional to weight 1o the power 0.746. but respiration
was not linear with speed. No check was made for anaerobic metabolism of the salmon.
Schmidt-Nielsen obtained, for a variety of fish, a power of G.7. but (.67 also fits well.) Fedak
and Seeherman [213] found that the surface area-specific transportation costs for walking
birds, mammals and lizards tend to be about 5.39 1 Oz em™ km™! = 0.03 Wh em™?km™,
(They actually report that transportation costs are proportional to weight to the power
0.72 as the best fitting allometric relationship. but the scatier is such that 0.67 fits as
well.} This is consistent with data from Tavlor et of. [703] and jmplies that the costs for
swimming are some 12% of the costs for running. Their data also indicate that the costs
for flving are between swimming and runuing and amount 1o some 1.87 ml Oyem~?km™*.

The energy costs of swimming are frequently taken to be proportional to squared speed
on sound mechanical grounds [422]. which questions the uscfuiness of the above mentioned
costs aud comparisons because the costs of transportation become dependent on speed. 1f
the inter-species relationship that speed scales with the square root of voiumetric length, see
{223}, also applies to inter-species comparisons, the transportation costs are proportional
to volume if the travelling time is independent of size.

The energy required for walking and running is found to be proportional to velocity
for a wide diversity of terrestrial animals including mamais. birds. lizards, amphibians.
crustaceans and insects {244]. This is quite a reliel. as otherwise temperature would be
a significant variable. to mention just one problem. atfecting rates in o different way and
making movements a complicated variable to handle at the population and the community
level: the energyv costs for walking or running a certain distance are independent of speed

and just proportiona! to distance.

3.1.4 Functional response

The feeding or ingestion rate, I of an organism as a function of food or substrate density,
X, expressed as number of items per surface area or volume, is described well by the
hypetbolic functional response

K+X
where K is known as the saturation coefficient or Michaelis constant, i.e. the density at
which food intake is half the maximum value, and Jn, the maximum ingestion rate. This

f=fin withf= (3.1)
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Figure 3.7: The ingestion rate, | of
&n individual (female} rotifer Brachionys
rubens, feeding on the green alga Chiorella
as a function of food density, X, at 20 °C.

Data from Pilarska [554]. The curve is '

-
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functional response has beey proposed by Holling  [332

figure 3.7. 1t applies to ciliates feeding on organic particles (phagocytosis), algae filtering
daphnids, mantis catching ﬂies,‘substrate uptake by bacteria. or the epzyme mediated
transformation of substrates Although these processes differ considerably in detail, some
common principle gives rise to the hvperholic function. This can be explained on the basis
of a simple model for feeding, that will be generalized subsequently,

Suppose that the handling of a particle takes a certain time 7 and that particles arriving
during handling are ignored  {*Handling is used here in a wide sense, for feeding animals
1t might refer to the act of catching and eating as well as to decomposing the particles in
the gut or the transfer of products across the gy wall.) Suppose further, that particies
do not interfere with eacl other So the number of particles arrving in a unit of time
is Poisson distributed wit} o barameter proportional to the particle density, X, say FX.
Here F relates to a filvering rate or the sperd of an animal relative to prev particies, a
rate that is taken to depend on mean particle densitv only. and not og particle density
at a particular moment, The time between subsequent arrivals. ¢, is then exponentially
distributed, with mean (F Y- The time hetween the end of a handling period and the

Dext arrival is again exponentially diszribured with mean (FX)-! {To see this, one should
make use of a defining pro

perty for an exponentally distributed variable ¥. that v and
yly >y are identically distributed e Oyyaelt +u] = o,0t).} The time required to cat A
marticles is thus given by £ = \'- . Tt i one stars observations at a randomiv chosen
arrival of a particle. The mean mgestion rate, J = N/Et is thus | = (T~ (FX)"H! =
PAX((PF)Y 4 v which is ivperbolic in the densite \ The saturation coefficient
S lverse to the product of {he handling time and the filtering (or searching) rate. ie.
N = (rF)"" The maximum Ingestion rate is inverse 1o (he handling time. (The ingestion
ate is here taken to be the raio of & fixed number of particles eaten and the measured
ime it takes the animal o do this T'the feeding period is fixed. rather than the number
f particles eaten. tlie mean ingestion rate might. in principie, deviate from the hyperbolic

mction. Mareover, we make sure that the particle density does not change during the
bservation period. )

| as type II. and s illustrated in

This derivation can be gene

ralized in different wavs without changinug the model. Fach
rriving particle can have an a

ttribute that stands for the catching probability. The j-th
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i ' imal, if the
particle has some fixed probability p; of being (i)ali,gll'lzyug{;? 1?;:50“111:1?5;1; aezs mas B e
i ] abili . '
. :Islinmti]:};sh&id;;ﬁe;}frtzlie;arat?g;:ihis can be conceived as a second a(,lt‘?-;i;u:;
ﬂit:at::ha:d t!:)geach particle, but it must be independent of food density. 'lc;he coga:exn -~
. o catching probability when the animal is busy can pe relaxec_!. Metz a.kz:. hm paenbure
?:;ﬁ 477) and Heijmans [301}, tied catching probabﬂlt}' tohsat;?tt);c;ill, f‘:nlciiofa] ol e
at:e to gut content in mantis. An essential .cor.xdmon or hyp : : .
irse lthat cafzhing probability equals zero if satla‘tlon (ggt gor_tctiezg) hlznrgﬁyggntase avticles. 10
Another generalization is from one server, i.e. .the mds.vn ual ndling the particies. b
i but fixed number of identical servers handling particles simu neous) , b i withou!
faterter rith each other. The term ‘server’ stems from an extensive theory pb;T
lmmﬂfﬂ'm'lg'ml elu'; kﬁown as queueing theory, that deals with this type of pro em.
pmbabll'm' e {625 662). Think of a server as an active site (enzyme .molecules) mda
e "15~affice Licleé as ;;ubsnrate molecules and of catching as adsorpmon_. 1f 9 stands
e ; parf busy servers, then the change of this fraction due to arrivals is glveln
{)OY Eh&e—ﬁ ?:CE‘I«?(EI {i & where the: adsorption rate constant, k., plays exactly the sarrclie :Ot 2
a.z :];e ﬁlt.earing or searching rate F. The change 0{) the ffr;l(lz;i?r:ero‘feE;s;osir\ifgr;v;n N
e 1o where the decor ?rOPOVE‘OCUOBiSEZnihLH‘i?‘ju‘; i(;verse: to the mean handling time
49 = kgb, where the desorptzon rate t , ,50 v
T.'tlhn;guﬂ;cbr/i}l‘cim.\’tgeaiiiiggifrgﬁsafg]:;izgfp‘)tion n;nd desorption process is rapid with
o o the o i i ensity X, . ‘
respeflt tf() t}i-eogh(?? iii;?)ilzesiztﬁeadfunc{ion of the density of adsorbable partches (11;
’I" 19 f;‘;:re in gas). is called the adsorption isotherm 1n ph_‘\'sxcal cl.lemzstr.}'. .If Ehzrs:] 1:;
oorate & d dentlv. as here, and so give rise to a hvperbolic functlol.'l. this iso o s
Opgrztil]ln Ifznmuir ‘iéotherm [24]. The adsorption rate of parLic]gs is founc} ej.s:y .
;zb:titut?ng thi Langmuir isotherm into the change of the busy fraction of servers:
X ko X
- A’+X) TRK+X
So the adsorption rate depends hyperbolically on the particle density in egltl}l::b;;uqr{l]lr.p;l;:;
i ficient has the interpretation of the ratio of the desorption and th ( rpuen
fare conerane | the maximum adsorption rate of particles equals the Vnumher of s "
r‘ate CODSL?{S ant{'on rate. If the desorbed particies are transformed wnh respect to t:!.
i Emn:hlo roce;;ﬂ stands for an enzvme mediated transforrpamon of su.k)strflq
fr“mmbecidl?:tes‘'!f‘hf' ;mpl; kinetics discussed here are called Michaglzs%\-]cmc;n k;n:et:cof
]”I?;Z cfgz?ditio;l of constant particle density can be somewhat rela.Xf-Q; if t!ll(ri‘i:;::lzlx ,'E;I:nu]awd
particles, . is reallv large with respect to the number of servers (a (;cor dition formu et
by Brigés and Haldane [92]}. or if the rate of product-for’mgm{}g hd Lumber el o
ondition formulated by Michaelis and Menten [483]), or if K times the n A
:?501;;.!]‘; small with res-pect 1o (K + N)?, (& more general condition formulated b:
the reaction still follows Michaelis~Menten kinetics. ‘ _ o
[647!]\)1!th2ugh the details of feeding and adsorption processes dliirrhc?rileg‘::::i_\;l f] om
more abstract point of view the mechanisms are closelv related. at is ess

j‘-a‘\'{] - 9) = kn-\' (l
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a busy period exists and that, if tore servers are around, they operate identically and
independently. ) )

It is_entire]}r possible that the hyperbolic response also arises from completelv different
mechgmsms. A most interesting property of the hyperbolic function is that it is the only
one u.nth a finite number of parameters that maps into itself. For instance. an exponemiavl
function of an exponential function is not agair an exponential function. A polynomial (of
dggree higher than one) of 4 polvnomial is also a polvnomial, but it is of an increasingly
higher degree if the mapping is repeated over and over again. The hyvperbolic functigo;.x
of a Pyperbolic function is also a hyperbolic function. {Note that the linear response
function is a special case of the hyperbolic one.) In a metabolic pathway each product
serves as a substrate for the next step. Neither the cell nor the modeller needs to know the
exacF nu-mber of intermediate steps to relate the production rate to the original substrate
density, if and only if the functional responses of the subsequent intermediate steps are of
the hyperbolic type. If, during evolution, an extra step is inserted in a metabolic pathway
tht_e performance of the whote chain does not change in functional form. This is a cruciajl
point bef:ause each pathway has to be integrated with other patbways to ensm:e the proper
funcponmg of the individual as a whole. If an insert in & metabolic ﬁathwa\' simultaneously
rqu;red a qualitative change in regulation at a higher level, the probabilit\'.of its occurrence
during the evolutionary process would be remote. )

A most useful property of the hvperbolic functional response is that it has coly two
paraineters which serve as simple scaling factors on the food density and ingestion rate
:.:::.inS;) if fon;i degsity is expressed in terms of the saturation coeﬁ’-icient, a:d ingestion

erms of maximum ingesti i i i

o parametens gestion rate. the functional response no longer has dimensions
_ Filter feeders, such as rotifers, daphnids and mussels, reduce filtering rate with increas-
ing food density [226,565,603,604], rather than maintaining a constant rate, which would
xmpl}.' thg rejection of some food particles. They reduce the rate by such ar; amount that
no rejection occurs due to handling (processing) of particles. If all i.nComing water is swept
f:iea.r, the filtering rate is found from F(\} = I/X . which reaches « maximum if no focl))d
is ar_m.md (temporarily), so that Fr, = {I,}V2?/K" and approaches zero for high food
densities. The braces stand for ‘surface area-specific’, thus {in} = IV, stands for
the maximum surface area-specific ingestion rate. which is considered as a parameter that
depem.:ls on the.composition of the diet. An alternative interpretation of the saturation
coefficient in 1:1115 case would be K = Ip/Fyn = {I,,}/{Fm}, which is independent of the
size -of the animal, as long as only intraspecific comparisons are made. It combines the
maximum capacity for food searching behaviour, onlv relevant at low food densities, with
the maximum capacity for food processing, which is only relevant at high food dens;ties.

Mean ingestion rate for an isomorph of volume 1" at food density X thus amounts to

F= 11V with = —

{1} fV° with f = s (3.2)
where‘{I,,,} stands for the maximum surface area-specific ingestion rate, expressed in vol-
umetric length. When starved animals are fed, they often ingest at a higher rate for some

time [753], but this is nsually a fast process which will be neglected here. Starved daphnids
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for instance are able to fill their guts within 7.5 minutes [247).
The ingestion rate, or substrate uptake rate for filaments and rods are found from {3.2)

-
i

by multiplication of {fm} with the shape correction function (2.4) or {2.7), which leads to

= [I.)fV for filaments

= [fmlf (§la+{(1-4)V)  for rods (3.3)
for ] = {in}V'". Since food for rods and filaments in cultures usually consists of a
simple organic compound, it is standard to quantify uptake rate in gram or mole, rather
thab in volume as is done here. The choice of unit is free and to some extent arbitrary, the
present one being motivated by the study of food chains, see {212}, where the conversion
from food to structural biomass urges svmmetry. Likewise. | will use the term ‘substrate
density’. rather than ‘substrate concentranon’ o stress the relationship with food density
and to cover insoluble substrates as well.

An important source of deviations from the hvperbolic functional response will be

discussed on {144}.

3.1.5 Food deposits and claims

Any description of the feeding process that is not species-specific can only be roughly
approximative at best. In this subsection ] want to point briefiv to some important types
of feeding behaviour that are likely tu cause deviations from the hyperbolic functional
response: stocking foed and claiming resources via a territory, The importance of these
types of behaviour is at the population level, where the eficct is strongly stabilizing for
two reasons. The first is that the predator lives on deposits if prey is rare, which lifts the
pressure on the prev population under those conditions. The second one is that high prey
densities in the good season do not directly result in an increase in predator density. This
also reduces the predation pressure during the bleak seasons. Although the quantitative
details will not he worked out Lere hecause of species-specificity. 1 want to point to this
behaviour as an introduction to other smoothing phenomena that will be covered. The

DEB model difiers from almost all other models in dealing with such phenomena, so these
remarks serve to point to the necessity of including smoothing phenomena in realistic

models.
Many food deposits relate to survival during winter, frequently in combination with -

dormancy, cf. {131}. In the German, Dutch and Scandinavian languages, the word ‘ham-
ster’ is the stem of a verb for stocking of foed in preparation for adverse conditions. This
rodent is famous for the huge piles of maize it stocks in autuma. The English language bas
selected the squirrel for this purpose. This type of behaviour is much more widespread,
for example in javs: cf. figure 3.8. ‘ o

Many species defend territories just prior to and during the reproductive season. Birds
do it most loudly. The size of the territories depends on bird as well as food density. One
of the obvious functions of this behaviour is to claim a sufficient amount of food for the
peak demand when the young grow up. The behaviour of stocking and reclaiming of food
typically fits ‘demand’ systems and is less likely to be found in ‘supply’ systems.
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Figure 3.8: The great grey shrike Lamius excubitor, also known as the ‘nine-killer' in Dutch,

hoa:rds throughout the vear. possibiv to guard against bad luck when hunting. Many other
shrikes do this as well. A

3.2 Digestion

Details of the digestion process are discussed on {247} because thev do not bear directly

on the spec':ﬁca.tion of the DEB model. Logic of arguments requires, however. that some
aspects of the digestion pracess should be discussed here.

3.2.1 Smoothing and satiation

The capacity of the stomach/gut volume is specific to & species. 1t depends stronglv on
type of food specialized on. Fish feeding on plankrers, i.e. manv small constantlv a\'giiable
Particles, have a low capacity. while fish such as the swallower. that feed on rare big chunks
of food, have high capacities. It may wait weeks for new chunks of food; see fipure 50 The
stomach/gut volume, which is siill ‘environment rather than animal, 15 used 1o smooth
out fluctuations w nurritional mput to the organism. Organisms attempt to run their
metabolic processes under controlled and constant conditions. Food in the digestive tract
and reserves inside the organism iogether make it possible for regulation mechanisms 1o
ensure homeostasis. Growth, reproductive effort and the like do nor depend directiv on
food availability but on the internal state of the organism:. This even holds, to some extent
for those foliowing the “supply’ strategy, where encrgy reserves are the kev vaniable. The:se:
reserves rapidly follow the {eeding conditions, -

If the food in the stomach. X

« follows a simple first order process, the change of
stomach contents is

d .. . LY X
_ - r2/3 - - Vs
dt Ao ={In}1 (A' + V0V n’) (3.4)
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Figure 3.9: The 2 m paddlefish Polyodon spalhula feeds on tiny plankters, while the 1% e black
swallower Chiasmodon niger can swallow fish bigger than itself. They illustraie extremes in buffer

capacities of the stomach.

where [V,.} 1s the maximum food capacity density of the stomach. The derivation is as
follows. A first order process here means that the change in stomach countents can he
written as %.\'5 = J — aX,. where the propertienality constam- A 15 il.Ldepend‘em of the
input, given in (3.2). Since food density is the onhy variable in the input. a must _Iw
independent of food density V. and thus of scaled functional Tesponse £ H.i(??d__(lh’n‘qm'
is high. stomach content converges to its maximum capacity Im/a = {Im}PV 3 a7 Th.o
assumption of isomorphism implies that the maximum storage capacity O.f tl_:o SiOrm.Ht'h i~
proportional 1o the volume of the individual This means that we can wrte 1t as ,{‘\""M .
where [ X ,m] is sume constant. independent of food density and hody volume. Thix allows
ane 1o express ¢ in terms of [, ] which results in (343 _ o

The mean residence time iu the stomach is thus £, = VN /ATt and sot o
proportional 1o length and independent of the wgestion rare. First order d_\'nam-i('s fmplies
complete mixing of food particles i the stomack. which is unlikely if fc-rme‘marl 101 OCCuTs,
This is because the residence time of each particle is then exponentially distributed. s«
fraction 1 — exp{— 1} = 0.63 of the particles stavs less time iu the stomach than thie mea
residence time. and a fraction 1~ expl— £} = (.39 less than half the mean residence time
This means meomplete, as well as “too compiete’. and thus wasteful fermemation.

The extreme opposite of complete mixing is plug flow. where the variation in residence
times between the particles is nil in the ideal case. Pure plug flow i~ not an option for o
stomach. because this excludes smoothing These conflicting demands probably separatod
the 1asks of smoothing for the stomach and digestion for the gut 1o some extent. Alas
vertebrates do little more than create an acid environment in the stomach to promo}v
protein fermentation. while actual uptake is via the gut. Plug flow of food in the gut. X,

can be described by

B—t.\'g(n = t;l(.\f(f} — Nt (3.9)

f Lo . N e e sl amd 4 ks wanm ctamach recidence time. This
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equatioq follows directly from the principle of plug flow. The first term 7! X,(#), stands
for the influx from the stomach and follows from (3.4). The second one st.ands‘for the

?’ut_ﬂux, which equals the influx with a delay of ¢, Substitution of (3.4) and (3.2) gives Figure 3.10: Gut volume is proporticnal 2oy e 7 ]

X =T = Kt —t) + &d;.\',(f ~- ) - %.\',{U Since 0 < X, < [X,. ]V _4_\.' 0 to cubed length (right) and gut residence o a

[X4m] — 0. So the dynamics of food in the gut reduces to £ Y (‘I‘_* i ”' _’ 1‘-1" g time s proportional te length (lower left). TE s \;‘, . .

animals without a stomach. avelli = 2t (t—ty) for while the latter depends hyperbolically on b { E \ :
Some species feed in meals, rather than conti N _ _ . food density (lower right). as illustrated ' i o j ) /

Ther ol foed whep - Tathe an continuously. eveu if foud is constantly available. for daphnids. The first two figures relate "t \(J ; A
€y only leed when huugry' [178]. Stomach filling can be used o link feeding with to D). magna feeding on the green alga L Y .o

Satl’atmn’. AFrom (3.4) it follows that the amount of food in the stomach tends to \* = Scenedesmus at 20 °C. Data from Evers s, d

f[Xam]V. if feeding is continuous and food densitv is constant. Suppose that feeding st;rts and Kooijman {209]. The third one re- ‘ o

at a rate given by (3.2) as soon as food in the stomach is less than 1, N7, for some value lates 10 D puler of 2 mm feeding on the : v -

of the dimensionless factor z,, between 0 and 1. and feeding ceases as S():)n as food in the diatom Nitzschta actimastroudes at 15 °C. " == : ‘

stomach exceeds Is].\'_,". for some value of 7, » 14 The mean ingestion rate is still of Data from Geller {247]. engln, mn

the type {3.2), where {/,,} now hus the interpretation of the mean maximumn surface area- .

specific 1ng§stjon rate, not the ope during feeding. A consequence of this on/off switching e p S I

of the feeding behaviour is that the periods of feeding and fasting are proportional to a i o

length measure. This matter is taken up again on {121}

2e
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3.2.2 Gut residence time i o ol
! e e

. . . ! -
Ihe volume of.the digestive tract is proportional to the whole body volume in strict - ’
isomorphs. This has been found for e.g. ruminant and nonruminant mammals [162] ‘ ‘ 3 ‘ : :
N . ! . Tengit, mn fpud uwbin iy, mg T/
(~ 11%) gnd for da.p.hnlds [209] (~ 2.5% if the whole space in the carapace is included}. # ‘“‘
If the animal keeps its gut filled to maximum capacity, [Xom]V say. and if the volume }.‘

redpct:on 4ue 1o digestion is not substantial. this gives a simple relationship between gut
residence time of food particles t,. ingestion rates ] aud bodv volume 17

By
tg = NV /1 = I——'—\q”‘— (3.6) The photograph of . magna ou the
fIm} right shows the sharp transition be-
tween the chlorophyll of the green
This is exactly what has been found for daphnids [209]. see figure 3.10. and mussels {286). algae and the brown-black digestion
Copepods 127} and carnivorous fish [358] seem to empry their gut at low food densities products, which is typical for high
which leads to a gut residence time of 1'V3[X,,|/{/n}, if the throughput is at maximun; ingestion rates. The relative posi-
rate. tion of this transition point depends

on the ingestion rate, but not on the
body length. Even in this respect
daphnids are isomorphic. At low in-
gestion rates, the gut looks brown
Daphnid e — . o from mouth to anus. The paired di-

phrnids are translucent, which offers the possibility of studying the progress of digestion gestive caecum is clearly visible just
as & function of bodv length. behind the mouth. )

' Since i.ngestion rate, (3.2), is proportional to squared length, the gut residence time
15 proportional to length for isomorphs. For filaments such as worms. which have a fixed

f.‘ha.meter, ingestion rate is proportional to cubed length, (3.3), so gut residence time is
independent of body volume.




}'2 3. Energy acquisition and use
3.3 Assimilation

In animal physiology it is standard to call the enthalpy of ingested food the ‘gross’ energy
intake [441). It is used to quantify the energy potential for the individua!. In microbial
physiology and biochemistry [37], the more appropriate free energy content of consumed
substrate is used for the same purpose, cf. {201}. The difference obviously relates to the
poor thermodynamical definition of food of complex chemical nature. The term ‘digestible’
energy is used for gross energy minus energy in faeces. Then comes ‘metabolisable’ energy,
which is taken to be digestable energy minus energy in urine and in released methane gas,
followed by 'net’ energy, which is metabolisable €nergy minus energy lost in heat increment
of feeding. The term ‘assimilated’ energy will here be the free energy intake minus free
energy in faeces and in all losses in relation to digestion. The energy in urine is treated
somewhat differently and tied to the process of maintenance, cf. {TT}.

The assimilation efficiency of food is here taken to be independent of the feeding rate.
This makes the assimilation rate proportional to the ingestion rate, which seems to be
realistic, cf. figure 7.1. 1 will distuss later the consistency of this simple assumption with
more detailed models for enzvmatic digestion, {247}. The conversion efficiency from food
into assim:lated energy is written as {Am}/{fm}. where {-1,,,} ts a diet-specific parameter
standing for the maximum surface area-specific assimilation rate. This notation mav seer
f:]umsy, but the advantage is that the assimilared energy that comes in at food density
1s now given by {An} /13 where f = X/(K + X and 1" the bodv volume. 1t does not
involve the parameter {Zm} in the notation, which turns out to be useful in the discussion
of processes of energy aliocation in the next few sections.

The conversion from substrare ta energy in bacteria is substantially more efficient under
aerobic (oxygen rich} conditions than under anaerobic ones, while metabolic costs are not
affected by oxygen availability [17]. This means that the parameter {A,.} and not {1}
is of direct relevance to the internal machinery. of. {201}

3.4 Storage dynamics

Energy crossing the gut wall enters the bload or hody fluid and is usuallv circulated
through the body rapidlv. 1t therefore does not matter where in the frut ﬁptak(- takes
place. Residence time in the digestive tract is usually short compared to that in the energy
reserves, which means that for most practical purposes, the effect of digestion can simpl:.-
be summarized as a couversion of ingested food. | = {1} SUP% into (assimilated) energ{'.
A = {A}/V?3 Biood has a low uptake capacity for energy {or nutrient), but a hiﬁll
transportation rate: it is pumped through the body manv times an hour. The changes of
energy in blood, Ly, and in reserves, £, arc coupled by 2Ey=A-2LFE - where
denotes the energy consumed by the body tissues and is ca]rled the ur,i]izd;mon or catabolic
rate. The change of energy reserves car be positive or negative. Since the energv capacity of
blood is small, the change of energy in blood cannot have a significant impact on the whole

body. It thergfore seems safe Lo assume that £ Ey ~ 0. which means that 4E=4A-Cas
a first appreximation.

3.4. Storage dynamics 73

The reserve density, [E} = E/V, is assumed to follow simple first order dynamics

do_{An) (,_ IEL :
o= (-E) e

where [E,,] is the maximum energy reserve density. Its derivation is completely analogous
to {3.4). A first order process for the reserve density means that it can be written as
41E] = A/V — &|E), where the proportionality constant & is independent of _food density
X. At high food density, the reserve density converges to its maximum An(V &)~ =
{Am}V =134~ Because of the homeostasis assumption for energy reserves. the maximum
capacity must be independent of body volume, so it can be written as a constant [Em],
independent of both food depsity and body volume. This allows one to express & in terms
of the maximum capacity [E,]. which gives (3.7).

An essential difference between stomach and reserves dvnamics is that the first is in
absolute quantities. because it relates to bulk transport, while the latter is in densitic.lsa
because it relates to molecular phenomena. (Cne cannot simply divide by body volume in
(3.4) to turn to densities because body volume depends o time. One should. therefore.
cotrect for growth to observe the mass conservation law.) Note that the requirement of
homeostasis for energy density overrules the interpretation of reserve dynamics i terms of
a simple mechanism where reserve ‘molecules’ react with the catabolic machinerv at a rate
given by the law of mass action. (Due to the concept of homeostasis, the density of the
catabolic machinery is constant.) The organism has to adjust the reaction rate between
reserves and the catabolic machinery during growth to preserve homeostasis. These ad-
justments are small, as long as dilution of energy density by growth is small with rfzspecr 1o
the use of energy. i.e if £1n1" <« V1AL }[E,)7" In practice. this condition is alwa_\.'s
fulfilled. which is not surprising because growth can only be bigh if the use of energyv is
reallv high. This naive picture of the mechanism can be made much more realistic without
disturhing the first order kinetics.

Since inflow of energy is over a surface area and use over a volume, use of energv
density 1s inverselv proportienal 1o length. This too corresponds closelv with processes at
the molecular level. Since energy reserves should not interfere with osmolarity. thev are
formed from insoluble polvmers which are frequently further separated from the body Himd
bv membranes and confined 1o particular surface areas of the bedy, both macroscopicaliy,
e:g. around the gut. and microscopically. The bigger the body. the less accessible the energy
reserves expressed as densitv. Manv consequences of these extremelv simple dvnamics for
the reserves will be tested against observations in this book. Direct testing is hampered hy
the problem of measuring energy fluxes inside organisms. Tests on the basis of respiration
rates are probably the most direct ones feasible. Some auxiliary theory has to be developed
first.

A consequence of the assumption of a first order dvnamics for energy reserves is tha
the utilization rate must obey

- ; d . i -d d'_\ -,-21'3_._£v 3.8
C= A= —(EV) = A - VS IE] - [E]21 = [E)3 =) (3.8)
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where ¢ = {Ap}/[Em); as © will show up time and again, | have given it a name, energy
conductance. as a result of one of manyv discussions with Roger Nisbet. Its dimension is
length per time and stands for the rativ of the maximum surface area-specific assimilation
rate and the maximum volume-specific reserve energy density. The inverse. ', has the
interpretation of a resistance. It is remarkabie that the biological use of conductance
measures seems 1o be restricted to plant physiology [362,511]. An important property of
utilization rate is that it does not depend directly on the assimilation rate and. therefore,
not on food density. It only depends ou the volume of the organism and eNnergy reserve.

The storage residence time in (3.7) is thus 1"”[5,,,},’{.4,,,}, which must be large with
respect to that of the stomach, V'/3[X,,|/{In} aud the gut, V14X .0/ {In), to justifv
neglect of the smoothing effect of the digestive tract.

If the energy reserve capacity, [En). is extremely small, the dvnamics of the reserves
degenerates to {E] = flEy|. while both [E] and |E.} tend to 0. The utilization rate then
becomes ' = {4} fV'*%. This case has been studied by Metz and Diekmann [479].

3. Energyv acquisition and use

3.5 The k-rule for allocation

Some animals, such as birds, reproduce after having obtained their final size. Qthers,
such as daphnids continve growth after onset of reproduction. Daphnia magna SLarts
reproducing at a length of 2.5 mm. while its ultimate size is 5 to 6 mm, if well-fed. This
means an increase of well over a factor 8 in volume during the reproductive period. Figure
3.11 illustrates a basic problem for energy allocation rules that such animals pose. It
becomes visible as soon as one realizes that a considerable amount of energy is invested
in reproductive output. The volume of voung produced exceeds :— of that of the mother
each day, or 80% of the utilization rate [595]. The problem is that growth is not retarded
in animals crossing the 2.5 mm barrier; they also do not feed much more but thev simply
foliow the surface area rule with a fixed proportionality constant at constant food densities.
It seems unlikely that they digest their food much more efficiently, so where does the energy
allocated to reproduction come from?

A solution to this problem can be found in development. Juvenile animals have to
mature and become more complex, Theyv have 1o develop new organs and install regulation
systems. Increase in size (somatic growth} of the adult does not include an increase io
complexity. The energv no longer spent on development in adults is spent on reproduction.
Growth continues smoothly at the transition from development to reproduction. This
suggests the ‘s-rule’ : a fixed proportion & of energy utilized from the reserves is spent on
growth plus maintesance, the remaining portion, 1 ~ x on development plus reproduction.
The background and rationaie of the x-rule is as follows.

At separated sites along the path that blood foliows, somatic cells and ovary cells pick
up energy. The only information the cells have is the energy content of the blood and
body size, cf. {23}. They do not have information about each others activities in a direct
way. This also holds for the mechanism by which energy is added to or taken from energy
reserves. The organism only has information on the energy density of the blood, and on
size, but not on which cells removed energy from the blood. This is why the parameter
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Figure 3.11: Ingestion in the waterfiea f
Daphnia magna as a function of body . b
length at 20 °C and abundant food (right}, lE

1ate
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its reproduction (below} and body length .
{below right) as functions of age. Compar-

ison of the quadratic feeding curve {right} L .
and the von Bertalanfly growth curve {be- poe .o,
low right) leads to the guestion: where . .
did the substantial reproductive energy o v
come from in animals crossing the 2.0 mm
barrier” The answer leads to the x-rule.
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x does not show up in the dvnamics of energy density. The activity of all carriers wh:cill
remove energy from the body fluid and transport it across the cgli membrane depends.
in the same wav. on the energy density of the fluid Both somatic cells ar_ud ovary celis
mav use the same carners. but the concentration iu their membranes may diﬁe.r S0 thgt r:‘
mav differ from the ratio of ovary and body weizht. This ('0:1(:entra.tion of active carr_1er's~
is éomrolled. e.g. by hormones, and depends on age. size and environment. Opce in d
somatic celi. energy is first used for maintenance. the rest is used for growth..Thts makes
maintenance and growth compete directly, while development acd reproduction compet(t'
with growth plus maintenance at a higher level. The k-Tule mak.es growth and deve(]iopnllae;
paraliel processes that interfere only indirectly. as has been discussed by Bernardo |
for instance. . . ‘

If conditions are poor, the system can block allocation to reproduct.lon, while ma.mt_e-
nance and growth continue to compete in the same way. This will be dllscussed further 1:1
the next chapter. I will show that Huxley’s allometric model for relative growth ciosel}
links up with the x-rule on {252}. N _

It is important to realize that although the fraction of utilized energy s?ent on :r;mgte-
pance plus growth remains constant, the absolute size of the flow t.e‘IldS to increase u:t:;lg
development at constant food densities, as does the energy flow to mmnFenance plus Ero Al.

The «-rule solves quite & few problems from which other allocation rules suffer. Al-
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though it is generally true that reproduction is maximal when growth ceases, a simple
allocation shift from growth to reproduction leaves similarity of growth between different
sexes unexplained, since the reproductive effort of males is usually muck less than that
of females. The x-rule implies that size control is the same for males and females and
for organisms suck as yeasts and ciliates which do not spend erergy on reproduction, but
do grow in a way that is comparable to species that reproduce; see figure 1.1. A strong
support for the x-rule comes from situations where the value for « is changed to a new
fixed value. Such a simple change affects reproduction as well as growth and so food intake
in & very special way. Parasites such as the trematod Schistosoma it snails harvest all
energy to reproduction and increase £ to maximize the energy flow they can consume,
as will be discussed on {243} Parasite induced gigantism. coupled to a reduction of the
reproductive output, is also known from trematod infested chaetognats [499), for instance.
The daily light cycle also affects the value for x in snails: see {128}. The effect of some
toxic compounds can be understood as an effect on %, as will be discussed in the chapter
on ecotoxicity, {282}. 1 will show how the x-rule can be derived from a number of other
assumptions that lend themselves to direct experimental testing on {119}.

3. Energy acquisition and use

3.6 Maintenance

Maintenance stands for a collection of processes necessary to ‘stav alive’. More precisely,
maintenance energy is defined as the {mean) energy requirement of an organism, excluding
the production processes of growth. reproduction and development. Maintenance costs are
species-specific and depend or the size of the organism and on body temperature. Mainte-
bance processes include the maintenance of concentration gradients across membranes, the
turnover of structural body proteins, a certain {mean) level of muscle tension and move-
ment, and the {continuous) production of hairs, feathers, scales. I do pot include heating
of endotherms in maintenance for convenience. although it is a process necessary to stay
alive and will be treated accordingly. As explained in the discussion on the x-rule, {74}
development is excluded from maintenance. as it relates (partly) to a tvpe of production
process. The maintenance part of development is referred 10 as maturity maintenance, and
will be discussed in the section on development, {97}, To distinguish maturation mainte-
nance from other maintenance costs. the latter will be called costs for somatic maintecance,
if necessary.

The notien of maintenance costs for advanced taxa is probably as old as man himsell.
Duclaux [186] was the first to Tecoguize in 1898 that maintenance cosis should be separated
from production costs 16 understand the energetics of micro-organisms. The next reference
to maintenance costs for micro-organisms stems from Sherris et al. [653] in 1957. in relation
to motility. In the earlv 1960s maintenance costs for micro-organisms received considerable
attention [310.380,455.466.533.556].

As is customary. | use the term ‘metabolism’ or ‘respiration’ to cover non-maintenance
processes as well. The realization that respiration includes growth leads, I think, to the
Sfulution of a long standing problem: the acceptauce that maintenance energy is propot-
tioval to biovolume, while metabolism or respiration is about provortional to volume 1n

-1
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3.6. Maintenance

the power %, [ will discuss this further in the section on respliratlon, {103} §

The idea that maintenance costs are proportional to blo.volume 15_51mp1e an resl s
on homeostasis: a metazoan of twice the volume of a conspec;ﬁc has twice as many.colal 8,
which each use a fixed amount of energy for maintenance. A uniceilular .of twice the original
volume has twice as many proteins to turn over. Bacteria, which grow in length only, h?"'e
a surface area that is a linear function of cell volume. The energy spent on concentrattqn
gradients, which is coupled to membranes is, therefore, proportional Fo volume. Protein
turnover seems to be low in prokarvotes [397). Eukaryotic unicellular isomorphs are filled
with membranes, and this ties the energy costs for concentration gra@ier}ts to volume. {The
argument for membrane-bound food uptake works out difAferent.ly in isomorphs, becaus:;
feeding involves only the outer membrane directly.) Working w:th mamumals, Portgr au
Brand [567] argued that proton leak in mitochondria represents 25% of the basal respiration
in isolated hepatocytes and may contribute significantly to the standard metabolic rate of
the whole animal. -

The energy costs for movement are also taken to be proportriona] to \rolumelnf averaged
over a sufficiently leng period. Costs for muscle tension in isomorphs are hkgl_\' to be
proportional to volume, because they involve & certain energy mves.zment per uait volume
of muscle. In the section on {eeding. I discussed briefly the energy involved in movement,
{63}, which has a standard level that includes feeding. T.hlS can safely be assumed tlo
be a small fraction of the total maintenance costs. Sustained powered movemext Sll.(,l
as in migration requires special treatment. Such activities involve temporarily enh‘anr_ﬂd‘
metabolism and feeding. The occasional burst of powered moverpeut hardly Conmbute;
to the general level of maintenance energy requirements; Sustamed.volumar_\" ;'>m've'17'v(r
movement seems 10 be restricted o humans and even this seems of little help in getting
rid of weight! ‘ . B .

Energv lost in excretion products is here included in lmamtguapce costs. because !
excretion 0f 1 itrogen is the most important componert. This flux is tied to prpLem turnover.
the costs of \\'ili(_‘i} are also included in maintenance. Products directly derived from fuod
can also be excreted. These products are linked to the feeding process a.nd should. tllercfc)‘ro.r
show up in the value for {Am}. Such a partitiening of products complicates the 8:ll-£1]_\l'9;h’ nd
excretion fluxes and the practical significance is limited because t,h-e energy flux mvolve
in excretion i¢ usuallv verv small. Microhal product formation 15 discussed ou {189}.

Maintenance costs are here taken 10 be independent of the growth rate. Tempc§t all.ld
Neijssel [T07 argued that the concentration gradients of potassium and glutamic a(.fld ‘un}
involve a sulstaptial energy requirement in prokarvotes. However, the @gc@ntratu-ms )
these componnds vary markedlv with growth rate so that this energy drain 15 nm.tal\m’};.::
be part of maintenance here. bur as part of the n\'er}.]ea.d coSts ,0[ .Lhe lgrowtk.x pr(})](,'ess.th(‘qug
high costs for patassium gradients is at odds with Ling's asspma‘mon-tnduct;’onl vpo T‘] (

434]. which states a.0. that virtually all K in living cells exists in au absorbed state. Th
mechanism is via a liquid crvstal type of structure for the cvtoplasm (102]. |
Some species have specific maintenance costs, such as daphni@s whigh produce mogh:
every other dav at 20 °C. The svnthesis of new moults occurs in thellmermoult p(!_no(‘
and is a continuous and siow process. The moults tend to be thicker in the largcr sizes.
The exart costs are diffienit to nin dowr. because some of the weight refers to inorganic
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compounds, which might be free of energy cost. Larvaceans produce new feeding houses
every 2 hours at 23 °C [214], and this contributes substantialiv to organic mattgr fluxes
in oceans [11,12,15?]. These costs are taken to be proportionaf to volume. The inclusior;
of costs for moults and houses in maintenance costs is motivated by the o.bservation that
these rates do not depend on feeding rate [214,407]. but only on Ler_nperature Eurvhaline
ﬁ.she_s have to invest energy for osmoregulatior in waters that are not iso-os.;mor,i;: The
cichlid Oreochromis niloticus is iso-osmotic at 11.6 ppt and 29% of the respiration r-atc at
30 ppt can be linked to osmoregulation [780]. Similar resuits have been obtained for brook
trout Salvelinus fontinalis [237). e
The maintenance costs M. are thus taken to he proportional to volume

3. Energy acquisition and use

M =MV (3.9)

and the volume-specific costs for maintenance, [Mf]. can be partitioned into a varietv of
processes that together are responsible for these costs. )

_ As stated on {39}, no maintenance costs are paid over reserves. The empirical justifica-
tion can most easily be illustrated by the absence of respiration in freshlv laid eggs ‘which
consist almost entirely of reserves; see figure 3.14. Note, however, that costs for tur;over of
reserves are covered by overheads in assimilation and utilization. Although the difference
between turnover costs for reserves and structural biomass is subtle, eges show that the

turnover' costs for reserves are not equivalent with maintenance for reserves. since they do
hot respire when {reshiy laid. )

3.7 Homeothermy

Heat comes free as a side product of all uses of energy. of {201}, In ectotherms. this heat
simply dls§ipates without increasing the body temperature above that of the environment
to any noticeable amount as long as the temperature is sufficientlv low. If the environmental
tthperat,ure is higl.l. as 1n incubated bird egps just prior 1o ilaﬁ*lling. metabolic rates are
ingh as well, releasing a lot mare ffee ener_g‘\'lin the form of heat and increasing the bodv
emperature even further. cf {135}. This is called a positive feedback in cvhernetics
The rate of heat dissipation obviously depends on the degree of insulation and is direct}\.'
related to surface area. A small number of species, known as endotherms use energy for
the purpose of keeping their body temperature at a predetermined high!levei 31°C in
gonothremes, 37 °C in most mammals, 39 °C in non-passerine birds, 41 °C in. passerine
birds. Mammals and birds change from ectotherms to endotherms during the first few
days of th.eir juvenile stage. Some species temporarily return to the ectothermic state or
Efart.l_v S0 in t‘he night (kolibries) or during hibernation (rodents, bats) or torpor (tenrecs,
th. {11'31}). . Ifdot all parts of the body are kept at the target temperature, especially not

e extremities. The naked mole rat Heterocephalus glaber (see figure 3.12) has a body
temperature that is aimost equal to that of the environment [441] and actually behaves
fﬁ an ectother‘m. Huddling in the nest of this eolonial species plays an important role in

ermoregulation [778]. Many ectotherms can approach the state of homeothermy under
favourable conditions by walking from shady to sunnv places. and back. in an annronriate
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Figure 3.12: The naked mole rat Hetero-
cephalus giaber {30 gram) is one of the few
mammals that are essentially ectother-
mic. They live underground in colouies
of some 60 individuals. The single breed-
ing female suppresses reproductive devel-
opment of all ‘frequent working' females
and of most ‘infrequent working' females,
a social svstem that reminds us of termites
[442]. \

wav. In an extensive study of 82 species of desert lizards from three continents. Pianka
[551) found that body temperature T, relates to ambient air temperature T, as

T, =318+ (1~ )T, - 318

where 3 stands for the species-specific thermoregulatory capacity, spanning the full range
from perfect regulation, 8 = 1 for active diurna! heliothermic species, to no regulation.
4 = 0 for nocturnal thigmothermic species. The target temperature of 311.8 K or 38.8
°C varied somewhat between the different sub-groups and is remarkably close to that
of mammals. Other species can raise their temperature over 10 °C above that of the
environment (bumble bees, moths. tuna fish, mackerel shark). These examples do make
clear that energy investment into heating is species-specific and that the regulation of body
temperature is a different problem.

The ‘*advantages’ of homeothermy are that enzvmes can be used that have a narrow
tolerance range for temperatures and that activity can be maintained at a high level in-
dependent of environmental temperature. At low itemperatures ectotherms are easy prey
for endotherms. Development and reproduction are enhanced. which opens niches in areas
with short growing seasons that are closed 10 ectorherms. The costs depend on the envi-
ronmental temperature. insulation and body size. 1 1emperature i3 high and/or insulation
is excellent and/or body size is large. there mav be hardly anv additional costs for heating:
the range of temperatures for which this applies 15 called the thermo-neutral zone. The
costs for heating, H., due to losses by convection or conduction can be written as

H={H}WYE (3.10

Heat loss is not only proportional to surface area but, according to Newton, also to the
temperature difference between body and environment. This is incorporated in the con-
cept of thermal conductance {H}/(T, — T;). where T, and T, denote the temperature of
the environment and the body. 1t is about 5.43 Jem™h™'°C~! in birds and 7.4-9.80
Jem~2E-1°C-! in mammals, as calculated from [311]. The unit cm™? refers to volumetric
squared length, not to real surface areas which involve shape. The values represent crude
means ir still air. The thermal conductance is roughly proportional to the square root of

wind sneed
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This is a simplified presentation. Birds and mammals moult at least twice a vear, to
replace their hair and feathers which suffer from wear, and change the thick winter coat for
the thin summer one. Cat owners can easily observe that when their pet is sitting in the
warm sun, it will pull iss hair into tuits, especially behind the ears, to facilitate heat }oss.
Many species have control over biood flow through extremities to regulate temperature.
People living in temperate regions are familiar witk the change in the shape of birds in
winter to aimost perfect spheres. This increases insulation and generates heat from the
associated tension of the feather muscles. These phenomena point to the variability of
thermal conductance.

There are aiso other sources of heat exchaznge, through ingoing and outgoing radiation
and cooling through evaporation. Radiation can be modulated by changes in colour, which
chameleons and tree frogs appiv to regulate body temperature [441]. Evaporation obvi-
ously depends on humidity and temperature. For animals that do not sweat, evaporation
is tied to respiration and occurs via the lungs. Most non-sweaters pant when hot and lose
heat by enhanced evaporation from the mouth cavitv. A detailed discussion of heat bal-
ances would involve a considerable‘number of coefficients 1492,677). and would obscure the
main line of reasoning. 1 will. therefore, refrain from giving these details. It is important
to realize that all these processes are proportional to surface area. and so affect the heating

rate {H} and in particular ite relationship with the temperature difference between body
and envirenment.

3.8 Growth

Growth can now be derived on the basic of {383 5.9), {3.10) and the s-rule: see {74}
The x-rule states that
]
v 1 o 4 . ° 3 ]
RO =G =) ~ A+ H (J.I]]
ol
where [G] denotes the volume-specific costs for growth. which are taken as fixed i view
of homeostasis of the structural biomnss These costs thus mclude all tvpes of overhead
costs, not just the costs for svnthesis. There are no costs for neating for ectotherms. so
H = 0 for them. Substitution of '3 Si 1390 and {3100 gives

T 1 L S AV A PR LR LA e
gy, ‘
9 E/IL. =

w
ot
!

Note that growth does not depend on food density directly It ounlv depends on reserve
density and body volume. The enerpy parameters combine in the compound parameters
Vi, Vm, g and ©. The compound paraineters will appear frequently in the sequel, so thev
are best introduced here. To aid memory, it is useful 1o give them names.

The maintenance rate constant m = [M])/IG} was introduced by Marr [455] and
publicized by Pirt [556]. and stands for the ratio of costs for majntenance and biovolume
synthesis. It has dimension time~!. It remains hidden here in the maximum volume 1,
but it will frequently piay an independent role.
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The quantity g = [G]/[En] is called the (energy) :'nvlestment .mtz’o and stands for ﬂ:ﬁ
costs for new biovolume relative to the maximum potentially available energy for grow

i e. It is dimensionless.
Plufi/malnt(illl-a;c: (r{An}/|M])? stands for the mazimum volume ectotherms can reach.

(Endother:g: cannot reach this volume because they loose energy througlh heatu::ig.) ;Ir‘he:
comparison of species is based on this relatiogship petween maximum vo u;ne l?nSioflr: ! i‘j
budget parameters and is the core of the relationship between body size a.nd_ phy: ’ 1iter
variables together with the invariance property of the DEB model, to be discusse .
{21;}11.13 heating velume Vi = ({H}/[M])? stands for the reduction in x_'o]ume endothermi
experience due to the energy costs for heating. It can be treated as a simple gvara‘r::eqtlzli
iong as the environmental temperature remains constant. Iftbo !.emp.erature c a,r.lg S § m@;l
relative to the growth rate. the heating volume just & function of time. If env 1ropme’h”o
temperature changes rapidlv. body temperature can be taken to be ronscaqnt agsni v\d m.
the effect contributes to the stochastic nature of the growth process. ¢f. {121}. No (;) : !
(3.12) shows that the existence of a heating volume is not an extra ﬂ.ssumgtmn(,1 i;,m
consequence of the volume-bound maintenance costs and the surface area-boun I

] "OSLS. .
Mdlgj?s;?%iér?:it\' X and. thercfore. the scaled functional Tesponse f are c‘onsta.nL and ‘zf
the imitial Pnerg_\: density equals |E] = f|Em}. energy ’densit._v \_wll not change, \'lo'l:tinferrnr:;
length as a function of time since hatching where V(0) = 15, can then be solv

(3.12)

G = g - A - ) (3.13)
dt +9 A
1.1/'3[“ — ‘;:3—”;/3_HJUJZJEXD{*F?} or (3.]4)
. IR IER W (3.15)
= eI s

: - spite 112 earlier
I will foliow tradition and call this curve the von Bertalanffy growth curve tiespm s 05{1;.)}
origin and von Bertalanffv's contribution of intruducing allemetry. which I rejeet: see {12}
The von Bertalanflv growth rate equals

A= (3w o+ 3V (3.16)

and the ultimate volumerric length

INEEN IRt (3.17)
Time t in {3.14} is measured from hatching or birth. (Note that time and age arg gm :,]:
same.) The von Bertalanffv growth curve resuits for isomorphs at COHSLB.-!.'ll foo 'egmf}}om
and temperature and has been fitted successfully 1o thAe c'lau.i qf some 270 sp(-ﬂg o
many different phvia; see table 6.2 and [410]. The gain in mmgl?t since Piitu rd‘ (])r‘_g,

nal formulation ir 1920 is in the interpretation of the parameters in terms of underlving
processes. 1t appears that heating costs do not affect the von Bertaianfiy growth rate 7.
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Flgure 3.13: The left figure shows the length-at-age data of the waterflea Daphnia magna for
vatious densities of the green alga Chlorelle at 20 °C with von Bertalanfv growth cu vesg Data
fran [407]. The inverses of the estimated von Bertalanffy growth rates have been plotted ‘(;. ainst
estimated ultimate lengths (right). The expected relationship is 47! = 3/m + 3dp L /i'g The
iea.?t squares fitted line gives estimates for 7 /dr, of 2.29 mm d4-! aﬁd for m of 4.Témd‘of b;)th of
which seem to be too high in comparison with other species. Frequent moulting mav cc;ntribute
to the maintenance costs and so to the high estimate for the maintenance rate coefficient .

Being a rate, high temperature does elevate it, of course. Food density affects botk: the
von Bertalanffy growth rate and the ultimate volume. The inverse of the von Bertalanffy
.growth‘ rate is a linear function of the ultimate volumetric length: see figure 3.13 This
is consistent with the Piitter's original formulation, which took this rate to 'be.im.zerselv
proportional to ultimate length, as has been proposed again by Gallucci and Quinn [242}-.
_ The‘requirement that food density is constant for a von Bertalanffv curve can be relaxed
if f09d is abundant. This is due to the hyperbolic functionai respdnse. As long as food
densitv i.s higher thar 4 times the saturation coefficient, food intake is higher thagn 8090 of
the maximum possible food intake, which makes it hardly distinguishable from maximum
food intake. Since most birds and mammals have a number of behavioural traits aimed at
gua..ranteed adequate food availability. they appear 1o have a fixed volume-age reiationshi
This explains the popuiarity of age-based models for growth in "demand’ svstems. In t}i;
next chapter I will discuss deviations from the von Bertalanffy growth curve Lha‘t- can be
understood in the context of the present theorv. ‘

In contrast, at low food densities, fluctuations in food densitv soon induce deviations
from the. vor Bertalanffy curve. This phenomenon will be discussed further in the section
on genetics and parameter variation, {112},

Maximum volumetric iength is reached at prolonged exposure to high food denstties
where f = 1, which gives VA = 113 — 11 1f the juvenile period ends upon exr:eeding1
volume 1}, the length of this period is t{1}) at constant food density, as given in (3.15).

. In the discussion on population dynamics. it will become important to distinguish
time, ¢, from age, a. The age at the end of the juvenile period, so at puberty, is thus
ap = a3 + £(V}), if a stands for the age at birth and fertilization initializes age. "

Growth ceases, i.e. £V = 0, if [E] = ({H} + [M]V*/®)/«t. If the energy density drops
even further, some organisms, such as protozoa and coelenterates, shrink.- Even animals
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with a skeleton, such as shrews of the genus Sorex. can exhibit a geographically varving
winter size depression. known as the Dehne! phenomenon [250}. Molluscs seem be 10 able
to reduce sheli size [179]. Some animals only deviate from the K-rule in situations of
prolonged starvation, that is, they stil follow frst order dvnamics for the use of energy
reserves, pay maintenance (and heaticg) costs. the rest being spent on development and/or
reproduction, whereas others deviate from first order dvnamics for the ntilization of energy,
(3.7). These species onlv pay maintenance {and heating] rosts. so

Gy = f A - ) - (3.18)
where 1" remains fixed. At constant food density. thus constant energy uptake rate, this
dvnamics implies that energy density either increases to the no-growth boundary or de-
creases o zero. Pond snails are a beautiful example of a species that follows both strategies
for energy expenditure. depending on dav length. When in a Jung day/short night cvcle,
they reproduce continuously, but thev cease to do so in a short day/long night rhythm.
This will be discussed further in the next chapter. {128}, Although food availability does
not influence growth directly, it does so indirectiy via reserve energy. Moreover, the maxi-
mum surface area-specific assimilation rate {Am}. and so energy conductance €, relate to
the food-energy conversion. Many herbivores, such as chickens. cat animal products in the
early juvenile period to gain nitrogen. which thev need for the svnthesis of proteins. They
experience a shift in diet during development. Mammals feed milk to their offspring, this
needs little conversion and induces growth rates that vannot be rcached with their later
dict. Growth curves show a sharp kink at weaning.
Animals that have non-permanent exoskeletons (arthropods. insects} have to moult to
The rapid increase in size during the brief period berween two moults. relates to
e of water or air, not to synthesis of new structural biomass. which is a slow process
intermoult period. This minor deviation from the DEB mode] (sec

grow.
uptak
occurring during the
figure 3.11 and (409} relates more to size measures than to model structure.

3.8.1 Embryonic growth

The DEE model takes the bold view that the onlv essentizl difference between embryos
and juveniles is that the former do not feed. Although information on parameter values
is still sparse. it indicates that no {drastic) changes of values occur at the transition from
the embrvonic to the juvenile state. 1 will first discuss eggs, which do not take up encrgy
from the environment. (See [113] for an excellent introduction to eggs. with beautiful
photographs.) Subsequently, I will deal with foetuses, which obtain energy reserves from
the mother during development.

The idea is that the dyvnamics for growtk, (3.12). and reserve density, (3.7), also apply
to embryos in eggs in absence of food intake. The scaled functional response is thus taken
to be f = 0. The dynamics for the reserve density then reduces to '

415) = ~slEp " (3.19)
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initial volume is practically nil, so V'(0) = 0. This makes the energy density infinitely
2, 50 |E}(0) = co. The (absolute) initial energy is a certain amount, [E)(0V(0) = Ep,
h, however, is not considered to be a {ree parameter. 1ts value is determined from the
lition of the energy reserves at hatching. Hatching occurs at age as, say, and initial
gy density [E], so [El{as) = [Ey]. The just-born juvenile still needs some energy
rves to cope with its metabolic needs. 1f all utilized energy 1s used for maintenance
atching, a lower boundary for reserve energy density {cllows from MG = i~{Eb}\-’b” 3
1g [By] = [M]V, /.
f food density is constant, the energy density will change from the one at hatching,
:d |Ey), to f{Em! in juveniles. If energy density at hatching is about equal to f|Em}.
growth curve will follow a von Bertalanffy curve. For initial energy densities less
1 f|Em], growth will be retarded compared 1o the von Bertalanflv growth curve: the
osite holds for initial densities larger than f{E,]. Although the deviation from the von
:alanffy growth curve will not last long. because the relaxation time for energy density
-oportional to length, which is small at hatchiag, it is tempting to take the initial energy
sity to be equal 1o that of the mother at egg laying. This results in von Bertalanffy
vth at constant food densitv even just after batching. and it does not require additional
“meters.
Tests on the realism of the initial condition that [E,] equals [E] of the mother at
laying are conflicting for daphmids. The trigiveenides component of energy density is
ble as a yellow colour and as droplets. | Lave observed that well-fed, vellow mothers
Daphnia magna give birth to vellow offspring. and poorly fed, glassy mothers give
b to glassy offspring. This is consistent with observations of Tessier ef al. (710}
er observations by Tessier as well as by Lisette Enserink, however, indicate an inverse
wionship between food density and energy reserves at hatching. An increase of energy
estment per offspring can also result 1 laraer offspring rather than an increased reserve
1sity at hatching. Large bodied offspring at low food availabiliny has been described for
s terrestrial isopod Armadilem, rulgare (96, Tiecause of the relationslnp with conergy
ts for egg production. and so with reproduction rate, this response to resource depletion
; implications for population dvuamics. [t can be viewed as a mechanism that alms to
sure adequate food supply for the existing mdividuals, The condition that energy density
hatching equals that of the mother ar egg formation 15 made here for reasons of sumplicity
d theoretical elegance No theoretical barriers exist for other formulations within the
atext of the DEB theory. Such formulations are fikely 1o involve species-specific empirical
optimization arguments, however, whicl | have tried 1o avoud as much as possible.
Embrvo development provides excellent opporiunifies to test the model for the dy-
mmics of energy reserves, because of the huge chanze of energy density, which avoids the
thological conditions starving individuals face  As embrvos do not feed. data on their
welopment do not suffer from & major source of scatter.
The goodness of fit is remarkable, as illustrated w figure 3.14. where data on weight,
1k and respiration have been fitted simultaneousiy by Cor Zonneveld [790]. The total
imber of parameters is 5 excluding. or 7 including. respiration. As will be discussed later.
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this way. The examples are representative of the data collected in table 3.1, which gives
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Figure 3.14: Yolk-free embrvo weight (o). volk weight {x). and respiration rate (+)
embryo development. and fits on the basis of the DEB model. Data sources arc indicared.
pond svail Lymnaea stugnabs {335
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Table 3.1: Survey of re-analyzed egg data, and parameter
of 30 °C, taken from [790]. *1* Whitehead. pers. comm.,

1989; ‘galac.’, stands for galactogen content,
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values standardized to a temperature
1989 ; *2* Thompson, pers. comm.,

mag E,/En reference

Species lemp  type of dala 3
°C mmd=?
Lymnaea stagnaiss 24 ED, galac, O 080
Salme trullg 10 ED, YD 30
Rana piprens 20 EW. 0 20
Crocodylus johnston 3 EW, yw 14
o0
Crocodytus prroayc A PRy v T
i C
Allgetor misstsstppronse ) JEW YW Ly
a0 4]
Chelydra serpentinag piad ELL YD I
2 ()
Carettochelys 1nscuiptg kLl EW. YW, O g
Emydura macguarn an Fwon [N
Caretta careita W3 FW O 40
Chelonia mydas B PW T
Amphsbolurus barbaiy: u ElyDh e
Colsber constretor uh Eleynp H]
Sphenodon punctaius Hi HAM O [TR:3
Galius domesticus k] FA. O ( a7
Gallus domesticus ax Fuo¢ K
Lespos ocellaln KH EVNT.oo 17
Pelicanus ocordentahis a6 W, 39
Angus stolidus EEl w0 20
Anous Lenurosiric KN A, 4 [
Dwomedea smmutabin. a5 FyWw 0 25
Diamedea mgripes K W, 0 20
Puffinus pacaficus RN W O 1
Pterodroma hypoirura i WO 14
Larus argenitarys R [ o7
Gyms aiba i [y 1
Anas platyrhynichos K [EASY "
aTa ¥
Anser anser K PN 1.
Tt t
Cotxrmar coturnir Fsv 0 T
Agapornis peraonatn W oo IS
Agapotnis roseicoli (Y Ao N
Troglodytes ardon ~ I i
Columbg fna t 1 i
iT (B
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Figure 3.15: Egg dimorphism occurs
standard in crested penguins (genus Eu-
dyptes). The small eng i= laid first, but 1t ‘
\
|

hatches later than the big one, whichis 1.3
times as heavy. The DEB theory explains
why the large egg requires a shorter incu-
bation period. The illustration shows the
Snares crested penguin E. atratus.

{aggression [749]). whick occurs in 1his species o e
Incubation periods only decrease for increasing egg s1ze ‘lf the struc‘turai bl(?.mias_ 0‘ o
hatchling is constant. The incubation period 1s found to increase thli ogg im. 1\:} :U[h(.
beetle species, lizards and marine invertebrates 11'38.20(}.‘66{)]. Ig t‘hese cases. however. e
structural biomass zt hatching alco increased with egg size. Thls Is again consistent wi
the DEB theory, although it does not explanain the variation in egg sizes. o
Foetal devélopmom differs from that 1o egos in that energy reserves are supplied mn'tla-u.-
wously via the placentz. The feeding and digestion processes are ngl 11‘1\-'91.\'&& Ot}}or\\ ise .
foetal development i taken 1o be identical 1o egg tlm'e]opmem..l\\'nh initial rcser\esk t 1'.1‘1
can be taken to be infinitelv large. for practical purposes. At lnr_l.h. the neonate ree (‘l\‘(lh
an amount of reserves {rown the wotker, suck that the reserve density of the neonate nrfnr; \
that of the mother. So the approximation {E) = ~ for the foerus can be made for 1[,“
whole gestation period and the dynamics of the reserve density {3.19) no lop%:er app ui.s(.‘
because the foetus lives on the reserves of the mother. In other words: unlike eggs. th .
development of foetuses 1 not restnieted by energy reserves. IniLiall‘\" the egp a:lllldﬂf(;(:;:;
develop in the sa-ue wav. but the foetus keeps develuping at an unrestricted rate 1 . 1]”(”]
of the gestation 1me. while the development of the egg becomes reLardtjd. due T,,O- depleti
of the reserves. Uhe approximation [E1 = o reduces the growth equation (3.12) to
ﬁ" = # w
df
Vi) = (etfay

(3201
(3.21)

This growth curve was proposed by Huggett and Widdas [341] in 1951. Pavne and \\'hge‘lelr
it by assuming that the growth rate is determined by the rate at which

e mmmmmn n mienbaan shad camanine i meanartian ta tha tntal

[536] explained

R LN IRV R SO
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Figure 3.16: Foetal weight development ir mammals.

house mouse, Mus musculus impala, Aepyceres melampus
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surface area of the foetus itself. This is consistent with the DEB modei. which gives the
energy interpretation of the single parameter.

The fit is again excellent; see figure 3.16. It is representative for the data collected in
table 3.2 taken from [790}. A time lag for the start of foetal growth has to be incorporated.
and this delay may be related to the development of the placenta. which possibly depends
on body volume as well. The long delay far the grey seal Halichoerus probably relates
to timing with the seasons to ensure adeguare food supply for the developing juvenile.
Variations in weight at birth arc primarily due to variations iu gestation period. not in
foetal growth rate. For comparative purposes. energy conductance ¢ is converted to 30
°C, on the assumption that the Arrhenius temperature is 74 = 10200 K and the bodv
temperature 1z 37 °C for all mammals in the table. This is a rather ¢rude conversion
because the cat, for instance, has a bodv remperature of 38.6 °C. Weights were converted
to volumes using a specific density of lde] =1 pem™?

One might expect that precocial development is rapid. resulting i advanced develap-
ment at birth and. therefore. comes with a high value for the energy conductance. The
values collected in table 3.2, however. do not seem to have an obvious relationship with
altricial-precocial rankings. The precocial guinea-pig and alpaca as well as the altricial bu-
mans have relatively low values for the energy conductance. The altricial-precocial ranking
seems to relate only to the relative volume at birth Yo/l

Egg costs

The embrvo thus develops from state (e, [E].1) = (0.0c.0) to state {2, |Eb)- ¥3). The
costs for growth and maintenance together with x determine the energy costs for an egg,
Ey. These costs and the incubation time thus follow from specifications at hatching. This
back reasoning is necessary because the initial volume is taken to be infinitesimally small,
which makes the initial reserve density infinitely large.

The derivation of the costs for an egg is a bit technical, | am afraid, due to the non-
linearity of the dynamics. We will need the costs to go from an epergy flux allocated
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Table 3.2: The estimated energy conductance, 7. and its value corrected for a temperature of 30
°(, and the time lag for the start of deveiopment. 1;. for mammalian embryos.

Species v {fev) tae 1 tev1 relerence
{raced mmd-! mma~d
1ens [th.5
HO':':;]:P 0.180 (0.3 266 (200 [TRE.
females 0179 {04 265 (291 .
Oryclolagus cuntculus 0560 {09 26 10 ' [} '1 !?L'\‘.’l
small litters 060z (15 MH t2 4 [fH;
large Litters 0.570 {15 11 324 1.'|~l:
0504 (56 164 [y | lf::
u$ GMETICANUS 0573 (3.1 27 13i 4%, |70 i
I(J,":;nu porcelius 0.260 (3.3+ 11 15T (83 }}Rl);
0.238 (2.3 [3406]
Cricetus auratus 0570 (211 26 924 (1.3 a3
Mus musculus 0333 (01 15 E40 {011 1448
nofvegtens 2.5
Rn:\tu‘:;tar ¢ 0.487 (0.5} L4 (0 i'.’JTE
albino 0.531 (0.8 172 (05 |f'.rll-\i
0.525 Q. tpE (0 1341,
albino go6e  {3.30 127 {25 !Iﬁ ]
albino 0542 (3N I EEPRD :“.”.".’,
Clethrtonomyy glarrolus 0371 {431 X g (i llle
Aepycerns m?lnmpus 03 (1.2 14 KL (.\_‘ﬁ “‘flfl‘
Udocotleus virmmanes 0296 (67, 13 KERI L }f;qu:
' 0ATE (L6 5 (hsr o {TaD
Dama dama 0.345 (641 1% uGd (an |21
Cervuy canadensts 0336 (3.1 ) 244 (1w 1444
Lama pacus 0126 (V.60 0.56 T4T (B3 g
14
OW‘:’;;‘C-‘ 0.482 (56) 4249 (127 134N
menno 034l (K6 au (T 450
03de 4.4 150 fae
0433 taid 333 (1
karakui 430 3T 16 {14
[V [ K AN aTh O aE,
hampshire » 1] A S BT 201 (:f L]
Capra htreus 0,330 (6.5 1% P2 Ui
0.36% 45 KIRCENS PR
Bos tourus 047h {261 2.4 595 (7.5)
Eguus ceballus Q3T {11y LK 370 (&Y
Sus acrofz 0.26n (0.6} «j (1
Yorkshire D.283 (0.9 349 (16}
Large white £.382 (1.3) 236 (4,?“4
Fasex 0321 (48) 4.1 (300
Felsx catus 0371 (1™ 1.2 188 (2.0}
tus pipastrelius 097
P'P;—'g';’:' ‘P 0237 (19 9‘95 (‘Z.g)
1979 0181 (3.5} 13.-; (4.7}
Hualichoerua grypus 0375 (10; 18 145 (9.2
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to reproduction to a reproductive rate. You will not miss a lot if vou skip the rest of
this section, if you are ready to accept the result that egg costs do not involve any new
parameters. Costs for breeding by the parent are not included in this derivation.

The first step to derive the costs for an egg is to get rid of a number of parameters by
turning to the dimensionless variables scaled energy density e = [E]/|Em), scaled volumetric

length ¢ = (V/1,,)!/3 and scaled time = = t. Substitution into {3.19} and (3.12), reduces
the coupled differential equations to

€ d ge—1
—e=—g-and -—{ = = -
dr g7 & dr 3e+g (3.22)
The ratio of these equations gives the Bernoulli equation
dal o= dr  er-1| /303
de He e~ 0 o de dete + g} 323)
where z = I7! i onlyv introduced because the resulting equation in 7 is of a salvable linear
first order with variable coeficients Its solution is
X < '—d(’,l ;
le) = vfe f + z{e 3.24
) ( )( W et anoey o b)) (3.24)
143
‘ . o de g—¢
with v{e} = ex . ==
( i o 3{y+f':1} (9+f’a)
Substitution of I = -7 gjves
i g+e) lg+e'S i
RN [ T LY B EPARTE PN 2!
! (y + t‘h) I gt /—E; Tl )

Assume that the condition ar hatehing is fixed at ¢, und 4, and let 7 — 0
that [E]Vioel® = Ey. sav. which has the inter
laid egg. Solving Ey pives for ¢, £ —te

T it

1 B (1o
g = — — [t .”).2 ’
J g + 10 RTIE {3.26]

where B,{u. b)) = Jo 2o = Yy s the ieomplete bewa funetion. Trs two term Tavlor
expansion in [ around the poig: (7] = 0 gives

and ¢ — oc such
precation of the energy reserves in a freshlv

20l depiln — 16/7 .
to o -—J-i—+¢w%.—-'—“92('(;f {3.27}
\_4{(,:“!1‘!‘— l}i (“"!(,i’l‘}— 14

Incubation time

The incubation time can be found by separating variab
(3.25). After some transformation. the result is

3 dr
Qj = -
"o (T~ 27Fa - BLE.00 5 BuLon (3.28)

a

tes in (3.22) and substituting in
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= 3gz;"° ; -Tay :pansion in [G] around the point
where z, = ;4 and a = 393, /ly. Its two term-Taylor exp (G]

|G) = 0 gives after tedious calculation

g4§§u

ay > —— z

?ntx2—u\/§+l 1—u?

2 2
2 3(€—b+1 _2 4) (11 z +u\/§+1+arctan w2

) +—_9_—(u"+ln{1+u4}}
T
(3.20)

where u stands for (4ey/ly — 1)71/%. 1 owe vou an apology for writing out such a ti;;aatful
expression; the essence. however, is that no new parameters show up and that (3.29) can
readily be implemented in computer code.

Foetal costs and gestation time

i is : s addi osts for
The energy costs for the praduction of a neonate is found by the addition of co

i : 3 oy reserves at birth, Le. [Enl1;. Expressed
development. growth and maintenance plus energy resere [E!

a3 a fraction of the maximum energy capacity of an adult, these costs are
ok i . =41
o= Citrdt = [EN(En] V)
0

Substitution of the s-rule. k(= [G‘;il' + {M]‘.ﬂ and the growth curve {3.21) results in
(o= li{g = ep + 1b3/4) (3.30)

» - asilv be taken
es no1 include the costs for the placenta. These costs can easily he taker

o oo do
T of the rest of the foeruses: see {100}

into account if thev happen to be proportional to that
Gestation time {excinding any tme lag) is

= 3y = 35 (3.31)

3.8.2 Growth for non-isomorphs

Wist, but it cat easily be extended to include chang-

/i Ivatiol assumes :[onorp _
e abone o h as filaments and rods.

' hapes. The surface areas of organisius that change shape. suc il .
e l i 1piv i Lers containing surface area.
have to be corrected for this change by mulupiving parameters cont &8 !
[ ' i ] : s shape correction functon MV These or-
{1} and {A,,} and tims & and 1o Iy the shape corr ' MO e
” ) ‘ s . 2y ~, W ' . -
ganisms are ectothermic. so {H}) = 0 For filaments. the shape correction fun

lonsi 4T . aborate (3120 Mmoo
transforms the change of energy density £3.7) and the prowth rate (3,120

. 299
Sip = 40 - IEV/iEA] 3
dt ‘

' ME/IEq] - (a7 (3.33)
a =T e iEnE

visi T de S = L 10 lenpth-specific
where 1} is the volume at division, and q s detined by V) pont Ti L

P . - -1
C i [ &1 (4] 1 y = T =l s nens time .
7 15} t T ‘] = \ h htL d][n 18100
energ_\' COn’iU “tance 1 Jus an dhb viation fOr 1’ d

i ' 1 ey itv X and.
Tikowico the natation (4.1 = {41177 is introduced. 1f substrate density N oal
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therefore. the scaled functional response f are constant long enough. energy density tends
to [E] = f|Em] and volume as a function of time since division becomes for §'{0) = 15/2

Vi) = ;’I'dexp{r")f} or (3.34)
A7 {2V /1) (3.33)

~

pasy
=

-
I

with 4; = 1'»&{-13}-3-1-;"-’1—!3. The time taken to grow from 1/2 to Yy is thus ¢(1}) = -,j“ In2.

Exponential growth can be expected if the surface area at which nutrients are taken
up is preportional to volume. For filaments. this happens when the total surface area. or
a fixed fraction of it, is involved. If uptake onlv takes place at tips, the number of tips
should increase with total filament length to ensure exponential growth. This has been
found for the fungi Fusarium [725). and Penwcilhum [306.558). which do not divide: see
figure 3.17. The ascomveetous fungus Neurospore does not branch this wav [201]: it has
a mycelium that grows like a crust, see {145},

Exponential growth of individyals should not be confused with that of populations. As
will be discussed in the chapter on population dvnamics, all populations grow exponentially
at resource densities that are constant long enough. whatever the growth pattern of indi-
viduals. This is due 1o the simple fact that the progeny repeats the growth/reproduction
behaviour of the parents. Only for filaments it is unnecessarv to distinguish hetween the
individual and the population level. This is a characteristic property of exponential growth
of individuals and will be discussed on {162}

The same derivation for growth can be made for rods on the basis of the shape correction
function (2.7):

d (6 ¢ ( (E] )
—[E] = [4)[==+1- - - — {3.36
arlFl | J(m ’ 3) jf (£, ’
{ Ve [EVE. , -
t— o= .’il—f‘— ‘—Eut—ﬁilxﬁ] E (3.37)
dt e g +IEELD T
where 1 = ug(%(%&)”“ ~ 1+ §)7 ! and. as before. 1,17 = . If substrate density .\

and, therefore. the scaled functional response f are cunstant long enough. energy density
tends to [E} = f[Ey,| and volume as a function of time since division becomes

Vir) = Vie = (Ve = Va/2)exp{ -3, (3.38)
where 4, = &{—}% The interpretation of 1, depends on its value.

o If Ve = oo ie if f{1-6/3) = {14/1,.)'7, the volume of rods grows linearly at rate

%\ 2. This is frequently found empirically [29].

o If0 <1, < oo,y isthe ultimate volume if the cell ceased to divide but continued to
grow. For these values, 17(¢) is a convex function and is of the same type as V(1)!/3
for isomorphs, (3.14). Note that volume, and thus cubed length, grows skewlv S-
shaped for isomorphs. When V. is positive, the cell will onlv be abie to divide when

L] 1 1 ar e 1IN
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Figure 3.17: DEB-based growth curves for cells of filaments and rods. Th? iarger the aspect
ratio. £. the more the growth curve turns from the exponential to the sauation type, reflecting
the different surface area to volume relationships.

Fusarum gramtnearum, 6 =0 (725 Buctlius cerens, d = 0.2 [131]
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e I{ 6 =01, =0 and the rod behaves as a filament. which grows exponentially.

e For 1, < 0, V(1) is a concave function. tending to an exponential one. The cell m{
loneer has an ultimate size if it ceased to divide. Vi s then no longer interpretatec
o . . .
as ultimate size, but this does not invalidate the equations.

The shape of the growth curve. convex. linear or concave, thus depends on subs.trme3 éienslgl
and the aspect ratio. Figure 3.17 illustrates the per.fect fit of growth curves (3. m) mte
only three parameters: volume at *birth’, V3/2, ultimate v'olume, V. and grow ; r:;i.o,
'},.‘The figure beautifully reveals the effect of the aspect ratio; t.he larger.t.hte: a;]sp?c ret ;
the more important the effect of the caps, so a change from 1D-isomorphic behaviou

OD-isomorphic behaviour.

f e UF 0 4n 17 né namctant onhetrate densitv is found from
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(3.38):
(f+ oV, Ve —14/2
HV) = oo o d
)= "Fovees B ov (3.99)
" At li,he end .of the cell cycle, the cell has to synthesize extra cell wall material. Since
e ct; grows in length ~only, the growth of surface material is directly tied to that of
c?rtop ;smdria.tenal. Slt_rf.:agh:%o;ward geometry shows that the change in surface area A is
ggen Y A= (1677—1-5;,;{6})3 4V So the energy costs for growth can be partitioned as
[ ] = EGV]+{GA}(IGW-3-E—J”3, where {G 4} denotes the energy costs for the material in a
unit surface area of cell walt and |G| that for the material in a unit volume of cytopiasm.
Fgr reasons qf symmetry, it is more elegant to work with [G 4] = { G rather than
{f ,L} The dimensions of |G| and [G 4] are thea the same: enerzv per volume. At the end
cut‘]tl e cell cycle, when _cﬁe]l volume is twice the initial volume. the surface material should
.S’ increase from A(1y) 10 24{1,/2) = (1 + £/3)4(%4). This takes time, of course. If all
::x}llcomm_g energy not spent ou maintenance is used for the svnthesis of this material, the
ange in surface area is given by 1.4 = S UA =YV ). where g4 = 1G4)/s[E ], Sa
Alt) = (A(0) - Id/?;}’;,,‘,f"’) exp{tfi/ga} +14/f1}2. The time it takes for the surface area
to reach (1 +6/3)1,"", starting from A(0) = \;m. equals

_ 4a Voo —14/2
f—l"ﬁ(lng“‘?lﬂ_) (3.40)

Voo — V2

“or the time interval between subscquent divisions, t{14) must be added, giving

td=g—41n?+(£i (f+9)‘&)ln‘$:-‘}t/2 (3.41)

+
Ju fr 7 fiN 63

The extra time for cell wall svnthesis ar the caps does not pl

Voo =1y

; ‘ av a role for filaments, as
heir caps are comparatively small. It also does not play a significant role in unicellular

:ufa.r_votlc isomorphs.. because theyv do not have cell walis to begn with. The cell volume
ig(]ﬁl;igrﬁzrgﬁa;;z;;s :(r: itf:(ﬂ;fﬁﬁrgaﬁﬁ]ns. so the amount Qf niernbranes at the end of the cell
A s 23 st as abruptiy as in bacreria. where the outer membrane and
ell wall (if present) are the oniv surfaces. Comparabie delavs occur in ciliates for instance
vhere the cell m‘outh does not function during and around cell division. N e

Cooper [.138j and Koch 3987 argued that weight increase of bacterial cells is aiwavs of
he expone:ntlal tvpe. apart {rom nnuor conrmibutions of coll wall, pxa. ete I the actl'\h"r :
f the carriers for substrate uptake ic constant during the cell evele an implication ofltll \<
10del is that carriers shouid be produced at a rate pmportion.al té the growth rate ltl
onseq}lently to cell volume rather than 1o surface area. This would incriaso the m(xlmitr
f carriers per unit of surface aren of active membrane during the cell evele. At the end
!;Ot.heb(fell fc_vcle the number of carriers per unit of surface area should finsnar;naneouslx')
:;af Se}p:m::stotrhsfd(:"+hﬁ/3) ! (‘iue to the production of new membrane without carriers

' ghter cells. This factor amounts to 5/6 = 0.83 for cocci and 1 for
’D-lsomorphs.,. The factor stands for the ratio of the surface area of a bodv with volume
4 and two times the surface area of a body with volume 1,/2; so it is 9-1/3 = 0.79 for

<
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3D-isomorphs and 2°/% = 0.71 for 2D-isomorphs. To my knowledge, such a reduction
has never been demonstrated. The carrier density is assumed to be constant in the DEB
theory. If the carrier density in the membrane is constant in case of exponential growth
{in non-1D-isomorphs), the carrier activity should increase during the cell cycle. This
requires the loss of homeostasis and/or complex regulation of carrier activity. In the DEB
theory, the carrier activity is constant during the cell cycle. Although exponential growth
of the cell seems an attractively simple model at first sight, theory to tie the growth rate
to nutrient levels no longer comes naturally for such an extreme ‘demand’ type of svstem.
Moreover, phenomena such as the small cell size in oligotrophic oceans, the growth of
stalks in Caulobacter, the removal of disused DNA need otber explanations than given in
this book. Another point is of course. that if bacreria increase their weight exponentially,
they would deviate from unicellular eukarvotes i this respect, where exponential growth
is obviously untenable. cf. figure 1.1. The prablem should then be adressed of what makes
prokarvotes fundamentallv different from eukaryotes n terms of energetics.

3.9 Development

Now that growth has been specified. the utilization rate for isomorphs can be evaluated
from {3.8) and {3.12). It amounts 10

IE] _ :
= TTIEEL ;(";IE}‘[E ](N'"'J+r'nl',f"il"’“*1iﬂ ) (342}

Energy allocation to development is (1 - %) Comparison of growth and reproduction at
different food levels points to a prablem: the volume at the first appearance of eggs in the
broodpouch of daphuids seems to be independent of food density. It appears to be almost
fixed: see figure 3.15. Let this volume be called 1o, where subscript p refers to puberty
(transition juvenile/adult). The same holds for the volume ai hatching. 1}, sav. where
subscript & refers to birth {transition embrvo/iuveniled. The problem is that the total
energy investment in development depends on food densitye. Indeed. if feeding conditions
are so poor that the ubtimarte volume i less than 1, the cutnulated cnergy mvestment wuto
development becomes infinitely large. if the organism survives long enough. This seems 1o
be highlv unrealistic.

Horst Thieme {711} proposed & solution to this problem. split the energy allocated 1o
development into twe Huxes. the increase of the state of marurity and the maintenance of
a certain degree of maturitv. For a special choice of the marunty maintenance costs the
total energy investment into the increase of the state of maturity does not depend on foud
density for ectotherms. This can be seen most easily {rom {3.11}, when both sides arc
multiplied by (1 — %}/% to obtain the investment into development

1 -

K

(- k0= 0+ e Ly (343)
K dt

for juvenile ectotherms (1" < 1, and H = 0). If the first term of the right hand side
corresponds to maturity maintenance costs. the second one for the inerease of the state of
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Figure 3.18: The carapace length of the
daphnid Daphnia magna at 20 °C for 5 :
different food leveis at the momen: of egg o -,
deposition in the brood pouch. Data from S I . .
Baltus [32]. The data points for short ju- ‘ -1 :
venile periods correspond with high f(;od o
density and growth rate. They are diffi-
f:ult to iuterpret because iength increase
is only possible at moulting in daphnids.

maturity g ize I i
turity only depends on size, not on food density. Since the individual does not become
more complex after attaining size 15, the ener

. _ gy flow to maintain a certain de f
maturity in{1. 1, }[Af]4== P
ty must then be min{1" 1 HA]25, 1t can be thought 1o relate to the maintenance

o . o .
t}i; regulating mgchamsmb and of concentration gradients. such as those found iz Hydra
at are respounsible for the maintenance of the bead /foot differentiation (258 ,

Am{;i;ﬁktgcﬁm a “'hlledtfn a(:Fept the ex‘istence of maturity maintenance as inevitable.
o emstemle. Tc}:eptﬁ sounds a little esoteric. there are two hard observations in support
e 2. e rs-t One concerns an experiment where food density is held constant
: o levels, just below and above the food density that gives an ultimate size 1 = .
fo_r_ \E:{:}oilferf?as.*such as Vdaph.nids. (3.17) implies that this food density is four:):i fror,;
kept atp{henalwe;cf;ésg A .=.AI,,/(1 — &y}, 1f maturity n_la.imenance did not exist. animals
ol temrer foc ensity would. never reproduce: while those at the higher food density
i 1}) qhswrsa:ie] Ltht might be substantl-al, depending on x. Substitution of
tends :0 L-;.E[M“ 5 o 'at the energy investment into development and /or reproduction
Thie st ‘;%{ ich amounts to {[M]l,, for & = 0.2, which is realistic for daphnids.
o abuia: difterence in reproguctive output as & fsult of a tiny difference in feedin
as never been observed, ‘ :

pon'ghsensafi:lcsoni t(l)ebrsert\.l-;':l.t1zn }hgt points to the existence of maturity maintenance concerns
majmeuancé luse e' ha3 /might cvcle affects the fraction of utilized energy spent on
e plus growt [78_8]. such that « at equal day/equal night, Ky, is larger
: at. at long day/short night, ;4. Apart from the apparent effects on growth and
;1;1;; ui;:lli:;); rates.'volume at the transition to adulthood is also affected. If the cumuiated
o : mezft into the increase of maturity does not depend on the value for x and if
. e métunty maintenance Costs are ?M , the expected effect is lllfi = Eall=tmd) ohich
:: Zcib:es:::ent ]:':th, the observations on the coupling of growth and re;rm;duc:i’,cl)dxili—xggs'tments
e ﬁu r.t_x [788]. Some species, such as birds, oaly reproduce well after the growth
_ . e giant petrel wanders seven vears over Autarctic waters before it starts to
breefi for the first time. From a mathematical point of view, growth is asyinptotic, so it is
%(]):s:bie to choo§e V5 to be 5o close to V. that the desired result is described ade;]uatelv.
. 15 must be rejected, however, because it seems most unrealistic to have a model whe;e
ecision rules depend on such small differences in volume in a world that is full of scatter.
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The introduction of costs {or maintaining 4 certain degree of maturity solves this problem,
because the model is then energyv-structured as well as size-structured. A rransition from
embrvo to Juvenile and from juvenile to adult occurs if the cumulative investment to
increase the state of maturity exceeds specified amounts. If growth has almost ceased.
this eumulative investment increases linearly. it therefore has no asvmptote. The rate of
increase of cumulated investment can be substantial. even if body size hardly increases, so
this rule causes no problems for species that separate growth and reproduction in time.
There is. however. a problem connected with thix introduction of maturity maiatenance:
it is hard to see why it should have just the value 25 AT it 15 @ fact that it produces

S

the observed fixed-volume transition in daphnids and pond snails. but one would like to
understand why. One solution might be to interpret 1% as the basic parameter and try
to explain wiy the rejative aliocation to development plus reproduction takes a value that
relates to the costs of development. | still find this an unsatisfactory point in the theory.
Of course. it is possible to introduce a free paraweter for the maturiey maintenance costs
and use volume at first maturation for the estimation of its value, whicl then proves to be
close to My = ];K’SM. because this value produces a volume that is independent of food
density. If this free parameter has a different value. variations in volume at first maturation
will result when food density varies, as has been observed for some species, according to
the review by Bernarde |60} Its introduction has the serious drawhack that evaluation of
the tength of incubation and juvenile period become cumbersome. which causes problems
especially at the population level. The fixed size transition should then he replaced by a
fixed cumulative energy transition.

Note that growth and development are parallel processes in the DEB model, which
links up beautifully with the concepts of acceleration and retardaiion of developmental
phenomena such as sexual maturity [267). These concepts are used o describe relative
rates of development in species that are simitar in other respects.

ln embryos and juveniles. the energy spent on somatic maintenance and the main-
tenance of a certain degree of maturation can be combined. because both can be taken
proportional to volume. The difference between the rwo only shows up in adults that
still increase in size. Somatic maintenance remains propertional to size. while maturation
maintenance stavs constant at constant temperature. The same helds for the energy spent
on growth and the increase of the degree of maturity. ln embryos and juveniles, they can
be combined. because both are taken proportional to volume increase. This means that
for non-adults the x-rule is not of quantitative relevance, and the mode! simplifies to the
one for micro-organisms with respect ta the use of energy.

Whetber or not unicellulars and particularly prokaryotes invest in cell differentiation.

during the cell cycle is still open to debate. Dworkin [192] gives a review of development in:

prokaryotes and points to the striking similarities between myxobacteria and cellular slime
molds and Actinomyceta and some fungi. A most useful aspect of the «-rule is that this
matter need not first be resolved, because this investment only shows up in the parameter
values and not in the model structure. As stated in the introduction to this chapter.
the energy invested in development according to the x-rule car only be deduced from the
transition to the adult state in metazoans. The utilization rate for rods can be obtained
in the same way as for isomorphs: application of the shape correction function (2.7) to 7
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{

'3.42). This amounts to

C= g_:ﬁ'E[T/]i—Em] (:‘»%‘i}ﬁ- (m + (1 - %)) V) (3.44)

e utilization rate for filaments can be f icati
L - ound by application of th i
iction (2.4) to © in (3.42). which leads 1o > © shape comection

- BB (1h + i1}
= : v
g+ [El/ L]
:anrat._lso ble obtained by letting & — 0 in {3.44). Since both growth and maintenance are
sportiona! to volume for filaments. the utilization rate is also proportional to volume.

{3.45)

10 Propagation

ﬁa;ﬁ;ss?:: ::;.:t ii};m;i, :.n. increase m ngmhers n many ways. Sea anemones can split off
| Spegmeq :;t:;;]x\—n;\:‘;ndmdulal. This 1{5 not unlike the strategy of budding
: . S dly have several ways of propagating. Fungi have intricate
’;.sualtI ;e‘;:);quu?‘mc‘)ln patterns m\-ol\-mg‘ more than two sexes. Under barshgconditions S(C)rr:e
. switch from parthenogenic to sexual reproduction, others develop spores
rer }’tles.tmg phases. 1t would not he diffienlt 10 811 a book with descri ti‘ons ? ll‘ i?r
ssibilities. ] will confine the discussion 1o the two most common m(;desp ‘f opag 't :
1 egg and foetus or vegetatively. via divisiow. ® 0 propseson

10.1 Reproduction

iergy allocati &8 i
gy : Ol ta r_(’pm_dmt‘lun equals the allocation to developient plus reproduction
nus the costs 1o maintain the state of maruriry

i~

F

(=m0 = =AY, (3.46}
:]LS. :is a commuous energy investinent. The costs for ege (or foetus) development are
S:S f::iglr:\“;::(il:ziziiji,lf)t,‘m discussed lnrlil(‘ section on ernbrvome growth, {83} The
| an epo can be written as Ey /g where the dimensionless factor ¢
.tt;zen 0 Ztul 1 rolaurs .“,’ the overhead involved o the conversion from the reserve Pm’rg‘{'
ser\,elsnz;,cg}l:,([;,-lt(].:];f:(i;‘.}im:vri'\‘ a\"dilabivx f.m .r.lw embrve. Since these tvpes of energy

rees are ) (”m,.‘t w overhead 19- llkoié- to be small in most cases so that g
t‘cer ’ i= might seenn an odd wav o introduce this overhead. but ¢ can also be
e f::;ecoa; )an epl;g .‘-'illl'\"l\"ill prub'alv'llit_\'_ \}'hi(‘h can l‘nf-‘ further modulated by predation
¢ toic T o'un( §. a8 djs.wrusspd in fater chapters. This is practical because egg survival
;ilizggion :af:\('cxr_[;:d 'h_\' different processes than survival of later stages. Substitution of

3.12) into (3.46) leads to a mean reproduction rate for ectotherms of

H_ 4 E
R=——0-#x (_____Gl .].ﬂE".""—r:] (017 ) — _qr'ni'p\ (3.47)
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r embrvo development €p 2f€ given in (3.26). Under no-

where the relative energy costs fo
113 individuals can no longer follow the w-rule.

growth conditions. 1.¢. when EL% < ()

because the allocation t¢ maintenance would nc longer be sufficient. Maintenance has

priority over all other expenses. Tndividuals that still follow the storage dynamics {3.8)
under no-growth conditions. must reproduce at mean rate (C - M- E=2[MV)g /Eqg, 50

- q z [E] 113 -2/3 T °
= ml —-— gy — - K 3.
K Egl‘mq ' (iEn]“’“ 1 A (1 ")‘P {r; 48)

At the border of the no-growth condition. i.e. when I‘EEA] = (%)1/3‘ both expressions for
the reproduction rate are equal, so there is no discontinuity for changing energy reserves.
At constant food density where [E] = f[Em|. the reproduction Tate is according to

(3.47) proportional 1o

B S E e T : (3.49)
T f v ’
where the third term is just a constant. Comparison of reproduction rates for difierent
body sizes thus involves three compound parameters. 1.c. the proportionality constant. the
parameter m /7 and the third term, if ail individuals experience the same food density
for a long enough time. Figure 310 illustrates that this relationship is realistic. but that
the motorius scarter for reproduction data is 50 large that access 1o the parameter /T
is poor. The fus have heer, hased on guestimates for the maintenance rate coefficient.
m = 0011 ¢7'. and the energy conductance. & = 0.433 mmd™ ar 20 °C. Note that
if the independent variable is a length measure Tather than structural body volume. the
shape coefficient dm = 17137 -1 has to be introduced stnce the guestimate for the energy
conductance is expressed in volumetric length. For some length measure L.owe have
BocIP 4 Lt - grfm, o (3507
1 f v F
The practical significance of thie rematk 1€ in the compansen between species. which will
be discussed later, {2171 Tie main reason for the substantial scatter reprodnetion data
is that thev are usually colieeted from the field. where foodd densities are not constant. and
where spatial heterugenvities, social interactions. ete.. are comimaon.

The reproduction rate of spirorbid polvchaetes has been found to be Toughly propor-
tional to body weight 13121 On the assuniption by Strathimanh and Strathmann {63,
that reproduction rate proportonal o ovary size and that avary size is proportial to
hody size tan araument that rests on 1somorphyy. the reproduction rate
be propartional 1o body weighit. They observed that reproduction rate tends to seale with

hodv weight to the power somewhat less than one for several otler marine invertehrate
ding insude

is also expected o

species, and used their abservation to identify a constraint ou body size for broo
the body caviry. The DEB theory pives no direct support for thix constraint: an allotetric
regression of reproduction rate against body weight wonld result i1 a scaling parameter
between 2/3 and 1. probably close to 1. depending on parameter values.

The maximumi (mean) reproduction rate for ectotherms of maximumn volume V5. =
{#/gm)® amounts to

R = L1 - wygmil = i/ V) (3.51)
n
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Figure 3.19: Reproduction rate as a function of bodx iength for two randomly selected species.
The d?.La sources and DEB-based curves are indicatec  The parameter that is rr-|ultiplied by L* in.
both fits has been guestimated on the basis of commoz. values for the maintenance rate coefficient
and the energy conductance. with a shape coefficien: of dwm = 0.1 for the gobyv and of dy, = 0.5
for the frog. Both the other parameters represent leas: squares estimates. l m
rock goby Gobius pagenellus HRT:

it et e green frog Rana esculenta |280]

012417 + 0.0128L3 - 32.5)
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.All Lh.ese expressions only refer to rean reprocuction rates. Individuals are discrete
units. which implies the existence of 2 buffer. where the energy allocated to reproduction
is collecte.d and converted to eggs at the momern: of repmdimion. The translation of
reproduchon rate into number of eggs in figure 3.1¢ assumes that this accumulation is over
a period of one vear. The energy content of the buer is denated by E,

Some species reproduce when enougl ~for a single egg has ac
others wait longer ;nd produce a largs g(llufgl?r g%ﬂ]ft'.f’ ?«'Sizi!:i(i(et;zl)lllfh\"cll;fi’:tlioz(iunmlat?d.'
! re i n the way
the reproduction buffer is handled 1f the reproduciion buffer is used completely. the 5'17A€
of the clutch equais the ratio of the buffer conter. and the energy costs for one \-oun‘
gE i/ Ey, where Ey is given in (3.26:. This resets 11+ puffer. Su aftt;r reproduction E :g()
and further accumulation continues from there. Thas is to sav. if the bit of energy tha}t2 was
not sufficient to build the last ege will be lost. Fracional eggs do not exist. In the chapter
on population dynatnics. {171.207}. 1 will show tha: this uninteresting detail subsiantially
affects dynamics at low population growth rates. which occur most frequently in nature.
.lf food is abundant. the populatica will evolve ranidly to a situation in which food per
individual is sparse and reproduction low if har\'esizug‘processes do not prevent this.

The strategies for handling tkiz buffer are species-specific and are affected by environ-
mental variables. Most species are able to synchrozize the moment of reproduétion with
sgasc')nal‘c_vc]es such that food availability just matcres the demand of the offspring. Clutch
size in birds typically relates to food supply during & two-month period prior to egg laving
and ter'xds to decrease if breeding is postponed in the season [475]. The laving date is
deu.armmed by a rapid ipcrease in food supply, Sicce feeding conditions tend toDimprove
during the season, internal factors must contribute 1o the regulation of clutch size. These

rnnelncinne sacnlt feam an avtancinn abedse A8 4ha nn [SPWRN SR | 1
mmrnts ~ A lemntmn PN PP
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lus by Serge Daan and co-workers 1171.458,474]. 1 see reproductive behaviour like this,
for species that cease growth at an early momest in their life span. as variations on the
general pattern that the DEB theory is aiming to grasp. Aspects of reproduction energetics
for species that cease growth. are worked out under the heading “image’ on {151},

3.10.2 Division

If propagation is by division. the situation is comparable to the juvenile stage of species
that propagate via eggs. The volume at division corresponds to the transition from juvenile
10 adult, s0 1y = V. Donachie [175] painted out that in fast growing bacteria the initiation
of DNA duplication occurs at a certain volume 1, but it requires a fixed and non-negligible
amount of time 7p for completion. This makes the volume at division. 1y, dependent on
the growth rate. so indirectly on substrate density. hecanse growtl proceeds during this
period. The mechanism {in eukarvotic somaiic cellsi of division at a certain size is via
the accumulation of cde2d and cdeld mitotie mdueers. which are praduced conpled to cell
growth. (The name for the genes “cdc’ stands for cell devision evele.) U these inducers
exceed a threshold level, p3~1Cd(12 protein kinase is activated and mitosis starts (193.498].

During mitosis, p34cdc’3 is deactivated and the coucentration of inducers resets to zero.
This mechanism indicates that for shorter inter-division periods. the cell starts a new DNA
duplication cvcle when its volume exceeds 21, 1V, 81, ete. The inter-division time for
Escherichia coli can be as short as 20 minutes under optimal conditions. while it takes
an hour to duplicate the DNa. In a dynamic environment. where {3.36) and (3.37) arc
supposed to apply, the implementation of this trigger is not simple. At constant substrate
densities. the scaled cell length at division. {y = VeVt and the division interval,
i(lg) = t4. can be obtained directly. When { i au integer such that 270 < 15/, <2004,
can be sobved from

th= il - 27 (3.52)

Figure 3.20 ilustrates the derivation.
The volume at division 13 can be found numencaliy when (3351 (3.33) or (3.39) is
substituted for #{17) inte (3.52). for isomorphs. hlaments or reds. respectively.

3.11 Respiration

Respiration. i.e. the use of oxygen or the production of carbon dioxide, can be taken to
represent the total metabolic rate in an organism. Initially. eges hardly use oxygen, but
oxvgen consumption rapidly increases during development: see figure 3.21. In juveniles and
adults, oxygen consumption is usually measured in individuais that have been starved for
some time, to avoid interpretation problems related to digestion. (For micro-organisms this
is not possible without a substantial decrease of reserves.) As mentioned in the introductory
chapter, the conceptual relationship betweet: respiration and usc of energy has already
undergone some changes in history. Von Bertalanfiv identified it with anabolic processes.
while the Scope For Growth concept, {43}. relates it to catabolic processes. In the DEB

T30 eln et metaeal idantifiestinn is with the total use of enerzy from the reserves.
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Figure 3.20: A schematic growth curve of a cell, where g TN TN Y

the fat part is used in steady state. This is the situation § . J\, xw

for 1 = 2, the number of forks switching between 1 and 3. - ,

If Va/V, = 2, equation {3.52) reduces to 15 = (2 = o

it{Va), with £(2*-11}) = 0, which means that the time re- ¥ S

quired to duplicate DNA is exactly 7 times the division inter- V¢ ’

val. So, during each cell cycle, a fraction i~! of the genome 2, /

is duplicated, which impiies that 2' -1 pNa duplication forks  '4/2 .

must be visible during the cell cvcle. At the moment that b a time

the number of forks jumps from 2 = 1 o 227 — 1. the cell 0

divides and the number of forks resets tn 2 — 1. This is

obviously a somewhat simiplifiecl account, as cell division is forks
not really instantaneous. If Va/Vp & 2% the age of the cell
at the appearance of the new ser of duplication forks some-
where during the cell cvele is (2! Vot which thus has to be
subtracted from 1t{1}) to arrive at thet
time.

age
genome duplication 0 {1y

H250tp

{3.42), with a fixed conversion factor from oxygen ta energy use. This is consistent with the
assumption of a constant chemical coy

the observation that respiration rage
themselves do not use oxvgen
starvation; see {128}

At constant food density. the

osttiol fur the reserves. It ix also consistent with
iicTeases witli reserve density {3590, whiie reserves
Aloreover. it explains the reduction of respiration during

proportionalits berween respiration and use of energy
from the reserves mpiies that the respiration rate can be written as a weighted sum of a
surface area and a volume. Fioure 2.4 shows that it is indistinguishable from the standard
allometric relationship. Aparn fron, avending ditension problems, the surlace area related
costs for heating in endotheris, whicl huve given rise ro Rubuer's surface law. also bt muacl
more naturallv. As mentioned obove,
of why the volume-specitic respicazion of ecrorherms decresses with Increasing size, wher
organisms of the same species ape compared. Thi~ problenn has been identified as one of the
central probiems of biolom T
discussion, but all use too specific
species are ectathermic). mnscle Prawer bnt movement costs are relatively NI OTAnT |,
gravity (but aguanic species exciape mraviny ;. Pefors 15420 even argued 10 cease jooking
for a general expiunation. The vER theory, however, does offer o general explanation: the
averhead for growth. A comparison of difforems species will be covered in o later chapte:.
{217}, where it will bie shown 1 HIerspecies companisons work out a it differently.
The proportivnaulity of respiration with the
free from conceptual problems  This mapping
places: emergy that is fixed i structural biom
posited in eggs {bv frmales!. 11 is essential to realize that the costs for svnthesis iG]
include overheads. So IG] is larger than. and 1 think much larger than. the energy content
of the structural biomass. On the other hand, the energy content of organisms. which is

this pomt of view solves the lonp standing problem

Mare thearies have heen proposed. see ¢ 2 {99 for a

i

arginents to he really satsfactory: heating (inn many

utthzation rate is not, however, compietely
gives double counts of energy flows at two
ass during growth and energy reserves de-
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Figure 3.21: The water stick insect Ra:lmtra lin-
earis depasits its eggs in floating decaying plant
material, where oxygen availability is usually
poor. The eggs are easily spotted by the special
respiratory organs that peek out of the plant.
Just prior to hatching. eggs tvpically need a lot
of oxygen, cf. figure 3.14.

frequently measured [147.327.540.512.072,, includes energy TESETVeS. "I‘]IPS(‘ 1::::02:'(»[1]0[115
complicate the interpretation of suck nu-;mlrmnrvnts in Terms of. CneTE fp;;r““u;)FB ;l].l}(l“l N
The use of respiration measurements to estimate tl}ﬂ parameters o ]1lu ' f " 4().‘
limited. Respiration is taken proportional to ut'il.lza‘tlxgn. so that it fo '(mtsf ;:1}11(1();!‘;.“.\'
that the respiration rate is proportional to 1" +1 WI 4+ g) at §0115t.qn t‘:“ dﬂm. m'-(l
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however, one should consider life span which has well recognized roots in energetics. The
frequently observed correlation between life span and the inverse volume-specific metabolic
rate for different species (see e.g. [638]) has guided a lot of research. The impressive work
of Finch {219 gives well over 3000 references. Animals tend to live longer at low foud levels
than at high ones. The experimental evidence. however. is rather conflicting on this point.
For example, Ingle [349] found suck a negative relationship, while McCaulev {463] found a
positive one for daphnids. This is doubtlessly due 10 the fundamental problem that death
can occur for many reasons. such as food related poisoning, that are not directly related
to aging. Some species such as salmon, octopus. (ikepleura die after (first) reproduction.
cf. {149}. This cause, like many other causes of death. does not relate to aging. On
approaching the end of the life span. the organism usuallv becomes verv vulnerable, which
complicates the interpretation of the life span of a particular individual iv terms of aging.

Experiments usually last a long time, which makes 11 hard to keep food densities at a fixed
level and to prevent disturbances.

In a first naive attempt to model the process of aging. it might seem attractive to
conceive the senile state, followed bv death as the next step in the sequence embrvo,
juvenile, adult, and then tie it 1o energy investment into development just as has been
done for the transitions to the juvenile and adult stages. This is not an option for the DEB
model, since at sufficiently low food densities. the adult state is never entered. even if the
animal survives for nutritional reasons. This means that it would live for ever, as far as
aging is concerned. Although species exist with very long life spans (excluding external
causes of death {219]), this does not seem acceptable. Attempts to relate hazard rates
directly to the accumulation of hazardous compounds formed as a spin off of respiration,
such as oxidized lipids. have failed to produce realistic ape-specific morialitv curves: the
hazard rate increases too rapidly for a given mean life span. See [388.518] for reviews
on the role of secondary products from metabolism in aging. The same holds for the
hazard tied to damage to membranes. if this damage accumulates at a rate proportional
10 volume-specific respiration. Accurate descriptions of survival data where aging can be
assumed to be the major cause of death seem to call for an extra integration siep. whick
points to DNA.

It has been suggested that free radicals. formed a~ a spin off of respiration. cause
irreparable damage to the DNA in organisms {288.287.719). The specific activity of antiox-
idants correlates with life span within the mammals [219]. The structure of the antioxidant
enzyme tnanganese superoxide distnutase has recently been solved [621]. Although too
unspecific to be of much help for molecular research. for energetics purposes the free radical
hypothesis specifies just enough to relate the age-specific survival probabilitv. and so life
span, to energetics. The idea is that the hazard rate is proportional 1o damage density.
which accumulates at a rate proportional to the concentration of changed DNA, while DNA
changes at a rate proportional to utilization rate. Although it is not vet possible to draw
firm conclusions ou this point, this mechanism does provide the extra integration step that
is required for an accurate description of data. It is further assumed that the cells with
changed DNA do not grow and divide, while the density of affected celis is reduced owing to
the propagation of the unchanged cells. This assumption is supported by the recent iden-

tifiratinn nf gona chlel 1748 whaca nendunte ars inraliad in the datantine Af mac s damasa:
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damaged DNA prevents entry into mitosis by controlling the activity of the p.rmem that is
produced by cde2. cf. {103}. Because of the uncertamty in the coupling with moiecular
processes t prefer to talk about damage and damage inducing compounds, ratl?er Fhan
wrong protems (or their products) and DNA. This idea can be worked out quantitatively
as follows. . , - '
Let |Q] = Q/V denote the canceptration of damage inducing compounds (chdl}ged
DNAJ \x:hi('h accumulate from value ¢ nan embrvo of age 0. Its dynamies can be obtained
th ] i ] Aol =180 - 10V In Y and amounts to
via the chain rule for differentiation: &;[Q) =1V"130 Wi n

d s o . (3.53)
b = d - - P— 1]1‘ .
5@ = dag @i
where dg is the contribution of the volume-specific utilization rate 1o the compounds I?(‘]r
unit of energy. The second term stands for the dilution through growth. where cells with
changed Dxa become mixed with cells with unchauged DNA.

Substitution of (3.11) gives for ect otherms

d o dgd o dayee i d oy (3.54)
3[(9!:?[@151‘” + = 14 [le R

1 age 1 g as 4 function of sime for ectotherms
The concentration of damage inducing componnds as
thus equals

N ! !
do Vi dy 1AL / Vi 13551
= - BRI, UL G Tt Y (1,1l
Q= H‘G] ! V(A Vi e
As explained in the section on embrvonic growth. {83}, the initial volume. [ HE mhmulz;s-
AS i A ‘ : - . N . '
imallv small. The accumulated damage during the embrvonic stage. lm\\e'ver. 15 um:-ldh_\
negliéiblv sinall. The high generation rate of damage inducing compnund§ is balancen | \
the highA dilution rate through growth. The fact that the embryvonic period Is usually a
verv small fraction of the tolal life span eusures that one does not lose wuch information
Start ' atching.
bv starting from the moment of hatching N
‘ Damag(* {wrong protem] accumulates i a rale proportional to the :onu ntmt.x()xjnnf
’ i - . £ . >
damage inducing compounds, so the damage deusiy Is proportional to J, [Q](:tl ydi,. The
hazard rate. h{t). is finally taken to be proportional to the damage density, which leads to:

‘ 5 [ Yo _m /"\'f'adf)dr (3.56)
hit) = b [ (1—‘“2;‘.“” RYEREE

The proportionality constant . here called the aping acceleration, absorbs (E)oth pror:lng;
tiopality constants leading to this formulation of the age dependent h.azar rate ar: ) ,.,
proporéional to dg|G)/«. This most useful property means that oniv a single parameter i

necessary to describe the aging process. N . . . .
The hazard rate relates to the survival probability according to the differential equatio

' hi#) = —41n Prob{g. > t}. The survivor
4 Prob{g, > t} = —Probig; > t}A(t) or h{t) 4in Prob{g, > t}
probability is thus

Prob{g, > ¢} = exp{- [ “hity) i) (3.57)
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Figure 3.22: The growth curves of female () and male daphnid {2 Daphnic magna at 18 °C
and the observed hazard rates. Data from MacArthur and Baillie (445]. The growth curves are
of the von Bertalanfly tvpe with common tength at hirth. The hazard rates are fitted on the basis
of the damage genesis discussed in the text, with a common aging acceleration of 2.587 % 109
d~2 The difference in tie hazard rateg i« due to the difference in ultimate lengths.

The mear life span equals Euy = [ Prob{
ard rate thus ties aging 10 energetics, wh
life span, cf. {131}

Figure 3.22 shows that the fit wit], experimental data for male and female daphnids
is quite acceptable, i

W oview of the fact that the combined hazard curves have only one
free parameter §, (su half 4 paraiueter per curve}. The differences in survival probabiliry
of male and female daphuids can be traced back to differance in ultimate size {i.e. in the
surface area-specific muximum, assimilation rate {.4,,.}}.

It is instructive to compare this model with that of Weibull where Prob{a, > t} =
expl{~ [LA(t)) dt,} = expl— (et}
1220] in 1928 as a hnuting distribuntion of extreme vajues, and Weibult [757) hae used it
to model the failure of & mechanical device composed of several parts of varving sirength,
according to Elandt-Johnson and Johnson 1198 The feumulative) hazard increases allo-
metrically with time. Like munv o1 her allometrically based models for phvsiclogical quan-
tities. it is attractively sunple. bur fdls 1o explain, for instance. why the sexes of Dopliraa
bave different shape coefhiions 5 PO As fong as both parameters of the Weibull model
can be chosen freely, i.e if oulv one data »et 1= considered. it will be hard 1o distinguish it
from the DEs-based model Sec figure 323, The maimtenance rate coefficient i the fit 1=
here considered as a frec parameter, so both curves then have two free parameters. This
is done because the available estimate for the maintenance raze coefficient on the basis of
egg development as reported in table 3.1 is rather far out of range. The resulting estimate
of m = 0.073d™" at 20 °C i« mucl more realistic. which in stself lends strong support to
my interpretation. It can be shown that the Weibull model with shape parameter 3 results
[ the growth period is short relative to the mean hfe span. {154},

The Gompertz mode] for survival Prob{a, > t} = exp{8(1 - exp{pet})} is also fre.
juently used as a mode! for aging: see e.g. |77 [. It can be mechanistically underpinned
’Y & constant and independent failure rate for a fixed number of hypothetical critical ole.

ay > thdt = [*exp{~ [lA(t,)dt;} dt. This haz-
ich explaing for instance why dormancy prolongs

The model was first proposed by Fisher and Tippitt
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Figure 3.23: The survival probability and the growth curve of ”w_ ]mn-d b;];i;ll f%mp:;atr'(;(:r;::\c::z]:
at 20 °C. Data from Slob and Janse [664] and Bohlkeu and .}(1055(: [76.7 ]] . \1.0“ d mowlh
e is the von Bertalanfy one. giving an ultinate length of 3‘)-mm and a . : m](:“
Curwthlgr;n» of 4 = 0015 d~ 1. The survival curve was used to estimate h(‘:tll t]‘n m::l:]l‘:'n} o
- ’ V . mn -~ 4 -t ‘ )
E::constam. riJr = 0.073 d7! and the aging acceleration po = 2.563 x] 1)(1 rh;l1 };()111'} ;ur‘,:: w
curve with shape parameter 3.1 is ploried ou top of the pLR model to shov

hard 1o distinguish m prictice.

o ) _ enrvival
ments. Death strikes if all critical elements coase fmwmnnn.g. ’.]}-l—".‘lci_l\r-‘-?::un !(J‘_fTr(:ic f;::(;\“_
probability then relates to the number of (-ritncal.olelllen?s. W 11f 1 ‘ it X ,ri(,j,;.rh. 1
be somewhere between & and 15, Their nature still remains unknow It. i,r\],“q) T
model 15 that the hazard rate does nos a])pl‘m(:‘u 7010 for‘ueonaw:\ E}Ur‘ c‘m )i}](?a}. P
not seem to he consistent with data [664]. Fincls [21_9; favours t ufr']n:‘[mmnm I.m)rm]m
of aping rates mvey v the Gompertz mfjdrl llE‘Ltl.US(‘ its pmp{-r.r_\ I8 ;m\”;
rate doubbing time. ji 2 provides @ simple basis for ('umpnnsun 0 ".hi T
The present formniation alkows for a separation f’f tl¥(' aging ‘;fmd’ p-mlr:;i“:i‘}i:r' :l;hr:.”‘m
ters. The estimation of the pure’ aging parameter in ditferem 'smmrmln.i : i Jor
species will hopefallv revea! patterns that can guide the soar(‘_h lur]m:})ln (IepL;:I: :“,,,.(..\.“.(1 .
wechanisms, however, nany factors may be involved, (jf‘ {lcnf]}, l] .msn_ ,1,, r’].“',,,—rh(\ .
the Literature that the neural svsrem mav be m\'ul\'PdA i Sr'Hz-nfL'. the ra‘nllll.h ‘3.3“!, i e
that brain weighr 1w mammals correlates very well \_\'nh rml”r‘j“-(f“ rr;; , I;;,(.h'l.“];“l -
difficult to identifv factors that determine life span in more detai e mechans

be again via the newtralizanon of free radicals. - T

An indication for this pathwav can be fnnIn-i tn the agr-vsp('(“ii-l; :]1111”;71:1‘;”’]]”]“;‘ e
for humans. see frure 324 which can be described w("ll byt \’\m.n’x iuv ot
shape parameter 6.5 Compared with the <_i;ua on (’(\T‘iﬁrhf‘frll’l,\, \&'(‘]il:'l“-"r‘l:';: 3;’ \.u;rh_ .
low hazard rate for the voung ages. which increases rapmdly d?nr _t i .-}pfrw r;u“,(m\ el
pattern suggests that the svstem that 1s ‘1:1\'01'\'9(1 w the n(‘utmlua}tlr.);nln o aton
subjected 1o aging. while for ectatherms it 15 not necessary to butikd b this

i ATt ability. combined
) . - : 4 constant neutralization proba . ) .
As exp]a“l?d in the next (,hapt-cr. {31‘)}} ° (On' U msrerrne arhinle arn eloco 10 the Waihinli

[N U [UVER U PO RS U N
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Figure 3.24: The survival curve for humans: ;
white males in the USA in the period 1969-1971, " :
Data from Elandt and Johnson {195}, The fited
elppirical survival curve is g exp{ —pt — (py )7,
with ¢ = 0.988. p = 0.0013 a='. jyy = 0.01275
a~! and § = 6.8, The parameter ¢ relates o
neonate survival and p to death by accident.

f:.r:;;E;Z;ﬂ:ggnpr}::in:}:CrI-Sf'. :Agmg as a result of free radicals is partally supported
“:ith " a hat e' i (. h]fans of b()th‘ ectotherms and endotherms correlate weli
e o e spec_jxﬁc activity of antioxidants (219} It should be noted that if we compare an
o 200 O%mw“;:t:hoaut])é)dg" Lempfaraturg of 40 °C with that of an otherwise similar ectotherm
. L, : }tpect & 10 times shorter life span. on the basis of an Arrhenius
temperature o 10000 K. Endotherms, thercfore. have a probiem to solve. which ibly
involves additional mechanisms 1o remove free radicals | P

r:h‘af)ne of the ma'n_\'.q’.u?suons that rematn to be a-us_wpr(‘d is how aging proceeds in animals
t propagate by division rather than in eggs. Unlike eges. thev have to face the problem
;)}fl initia) d.ar.nage. It might be that such animals have gre]atl\'el_\"fow} undifferent:a{ed cells
ofa:i::ni;ilt\;:f ;:}!::i ;ep.lace the damaged (diﬂclar(-’nluat.edJ ones. A consequence of this point
' Is t Ptlgn to propagate by division is onlv open to organisms where the
differentiation of specialized cells is not pushed to the extreme. If aging affects all cells
_at the same rate. it becomes hard to expiain the existence of dividing organis;ns Thi;
15;]:terhf.ps :,h('- best sgppt')rt for the damage ilm-_rpn‘tmirm of the aging process. Theories
relate aging. for iustance. to the accumulation of compounds as au mtrinsic property

of cellular metabolism. should address this problem. Tl same applies ro umcvllu}arar T
ac_cumulated damage carries over to the daughter cells. it becomes hard to ex lain‘ .th('
existence of this life stvle. The assumption of the existeuce of cells with an.dpwjthout
da'mage seemms unavoldable. Organisms that live in anaerobic environments cannot escape
agiug. because other radicals will occur that have the same effect as oxvgen. Note illatpif
one fpllows the fate of each of the daughter cells. this theory predicts ahlimiL'ec.i number of
divisions until death occurs. so that this event itself gives no Support for aging theories built
on cellular programming. Ouly the variation in this number can to some extent be used

to choose between both approaches
proaches. The present theorv can be worked o itatively
for unicellulars as follows, . i uantativel

Since unicellulars cannot dilute changed DNA with unchanged DNA and cannot com-
pensate for its effect, the hazard rate for unicellulars must equal h(t) = doC /V', where d
is th? net hit frequency per unit of energy density. (Note that the range ch) the c'ell vo]um?e
is (14/2,Vy), so that the volume-specific respiration rate is restricted, while for embrvos,

wrhnaea T7 20 o4 L L. e - " "o o
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lution by growth solves this problem for embryos.) From {3.45) it follows that the hazard
rate for filaments is

. o gl E]
( = # — " thus 5
h{E) do(¥ + m)y T EE thus (3.58)
\ hie) = pael ::Z (3.59)

where ji, = dg|Em]g=% represents the maximuin aging rate and ¢ = [£]/[E,,) the reserve
density as a fraction of the maximum capacity. A1 constand substrate densities, the scaled
energy reserve density. ¢, equals the scaled functional response. f. so the hazard rate is
constant and independent of the age of the filament. The hazard rate for rods is likewise

found from (3.44}:

1+ 77 A R S S A o
g (g, 4l 4 (3.60)
e+g 1+ lify

Bie ) = pae
For the hazard rate of unicellular isomorphs we obtaiy from [3.42

. 14 1+ ”
hic.l) = pc(j R (3.61)
F—gl+g/l

In contrast to filaments. reds and isomorphs experience rechietion of the hazard rate
during the cell cycle.

If DNA is changed. the cell will cease functioning. This giver a lower bhoundary for
the {population} growth rate because the population will become extinet if the division
interval becomes too long. To prevent extinction (in the long run] the survival probability
to the next division should be at least 0.5. so the lower houndary for substrate densitv
can be found from Prob{g, > 14} = exp{- T hitydt} = 0.5 Substitution of {3.60) and
(3.39) leads to the lower boundary for the substrate density for rods. which must be found
numerically, 1t is tempung to relate this aging mee hani=ni, which hecomes apparent at low
aubsirate densities only. to the occurrence of stringent responses in bacteria, as described
by, for example, Cashel and Rudd {122 This wili be discussed further when populations
are considered. {165}

1t 15 intriguing to realize that the present mechanisi for aging implies that organisms
use {ree radicals to change their DNA. Although most changes are lethal or adverse, some
can be beneficial to the organism. Using a selection process. the species can exploit frec
radicals for adaptation to changing environments. Bv increasing the specific activity of
antioxidants. a species can prolong the life span of individuals in non hostile environments.
but it reduces its adaptation potential as a species if the environment changes. This trajt
defines an optimal specific activity for antioxidants that depends on the life history of
the organism and the environment. Large body size, which goes with a long juvenile
period, as will be discussed on {234}, requires efficient antioxidants to ensure survival
to the adult state. It implies that large bodied species have little adaptation potential,

which is further reduced by the long generation time: this makes them vulnerable from
i Metimemns meramantivs Tt e mecsihbe nne asnect, of the extinction of the dinosaurs,
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although not all of them were large and they may have been endothermic. Endotherms
appear to combine a high survival probability of the juvenile period with a high aging rate,
thus having substantial adaptation potential during the reproductive phase; they reach
this by a reduction of the efficiency of antioxygants during puberty.

The present formulation assumes that growth ceases as socn as DNA is changed. The
background is that many genes are involved in the synthesis of one or more compounds
that are essential to structural body mass and so to growth. A few genes are involved
in suppressing unregulated growth of cells ir multicelluar organisms. If such genes are
affected, tumors can develop. This theory cay, therefore, also be used to work out the
age-dependent occurrence rate of tumors as well as the growth rate of tumors. of. {252}

The energy parameters can he tied 10 the accumulated damage 1o account for the well
known phenomenon that older individuals eat less and reproduce less than VOUnger ones
with the same body volupe. Senescence can be modelled this way. This role of ape in
energetics is not worked oyt Liere 1o keep the model as simple 45 possibie.

3. Energy acquisition and use

1

3.13 Genetics and parameter variation

The parameter valyes undouhted|v have 4 geneticallv determined component. which Cal to
some extent be modulated phenotvpicallv. A< Lins Lopefully been made clear. the processes
of feeding, digestion, maintenance. growth. reproduction and aging are intimately related.
They invoive the complete cellular machinery. Although mechanisms for growth which
involve just one gene. have e proposed {176, the DED theorv makes it likely that
thousands are involved. Thix restricts the possibilities of population penetic theories to
deal with auxiliary characters thu o not have a direct link 10 energetics. {This is pot
meant 10 impiy that suchi theories cannod be useful for other purposes.} In the context of
quantitative genetics. some jus ructive points should be mentioned here For this purpose
a particuiar property of the BEG madel. which | eal] the invanance proper:y {just to have
& name to refer 10). should be disenssed st Thix properry is al the basis of body size
scaling relationships o be discussed later. These relativnships express Low species-specific
characters depend on budy size.

The invariance property of t}e DEB mody
that differ in very speclal way hehave idengivally with respect 10 cnergetics ax long as
food density is strictly constant. So thev will have exactly the same cnergy dvnamics.,
volume and reprodnetion ontogeaees. and sooon, for all life stages. The derivation of the
relationship between bot) PATAtIeler sets s simple when two individuals are compared
with the same bodv volume ape WItl o maximum surface area-specific ingestion rate that
differ by a factor z. so {In}s = At To behave identically. the ingestion rates must
be equal: [, = I,. Since their volnmes are equal. 15 = 17, (3.2) implies that fa=fijzor
K, = 2K+ (2 - 1)X. Since the assimilation rates must be the same. 4; = 4, it follows

Dasthat two species with parameter sets

that {4,); = HAdmbo They must have the same storage dvnamics, so (3.7) implies
[Emly = z|E.),. Identical growth defined by {3.12)
should be the same. so iz = 14,0 1
(G = G and fiy = 5,

implies that the other parameters
re = o Ve = Ty sy = &, [Afly = (A7),
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i { ave in a
If food density is not strictly constant, but ﬂuctuattes a little, both sgemes t:iitionsmp
different manner as far as energy is concerned. This is due to ;’he ’111‘(;1n- n}:le;:lrg: el
i d food density X. e cha

ween the scaled functional response f an c : .

?:st ectto Nis -f = K(K+X)?=(1-f)*/K. Soif f approaches 1, thelch;Ege in thle;
: dso 1 igibly overal
in zstion rate a:ir?d s0 in the energy reserve density, becontle? negllglbl} small. ] rissvstemq
hfmeostasis is probably selectively advantageous, because it implies that re_gu a “:Eich' al]o“:s
have a much easier job to coordinate the various processes of e.nerg}f’ a{llocatllon, .
imizatl ism is not unlike the restriction of the tolerance

for optimization. The mechanism is no ‘ folera o
tempzrature of enzvmes of homeotherms relative to heterotherms. The invariance propert,

i constant food
has an interesting consequence with regard to selection processes. At a

density, the {constant) surface area-specific ingestion rate, sgrfvage Te,?f-zﬁ,ﬂ?(.f; zs;;r;ﬁs;j;l-
euerg\vz and reserve energy density can be regardod as acln.P.\-Pf 'p vsi Ofgih.eso alararmrs
Small fluctuations in food deusiry drive selection 16 a |genetic) 1x‘a§1]onEE e [EW e
as the maximum possible ones: {/,} — {[}, {An} — {4} and [Ln !

enon is known as ‘dwarfing’. ‘ . ' _ i
phe%‘;‘: parameter values for different izdi\'i'duatls a‘rfe h}:li'h?g (ti);ff;(r sf{;lcrie“ Ft;(a)t .wIi:l):ifterir:em
i i olume at constant food density testifv this bas . €
11;1'1:1}::;1?;:19&( basts 15 not clear. but the l?eredir.y of 5129’12 dlf(fjertjz;:: rgicr(l‘:eoinfisoas ta]?]?
transgenic mice and turkevs reveals the genetic pa515 of gro‘\\ th an . sn eési]‘. imagi_no Lha‘r
fraction of available DNa in eukarvotic (‘(‘“5-15 in Factl\'.r' us(t‘ -Ollzptfia&m,'pang e Lo
changes in the pieces that are used. or in the intensity with which t 1“\\- .Can P
can result in changes in energy parameters. These regulatpn prcri)ces.m.nmprm;l tojectec
phenotypic influence and 1o factors jocated ip the r_\'t-,op-l:_ifm. an .S(;ﬁlet(:r ernal effects, A
1mp0rr,.am stauistical consequence of this point of view is thal. ;farﬁ eter Cstimates can 1
principie no longer be based on means: the mean.nf \-ou. Bermba't_mr _\‘}\' r(.)wq th diferent
parameters 18 not a von Bertalanffv curve. Th]é‘ proh]om oluuu: ‘,di(,(. i omse with
increasing scatter. The modelling of parameter variation can easily mlr-( e ‘m]j](_’m rable
number of new parameters. To select just one or {WO parameters mk.co_\:: m\”]:)d“c?d o
arbitrarv. An attractive choice might be 1o conceive the faC'mr_ 5 ju e qt(,(.i“;m_‘u.m.
a st.ochéslic variable. which couples four energy paranmeters. This intre S 8 ‘

onlyv at fivctuating foud densities.






